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The angular velocitios of irregular aircraft movement in flight 
liavo bean measured on flashing li^it tracks ubtalned in a camera 
carried in the aircra.fi.. ...  angular velocity for average 
manual flying is 0.0092 rod/sec with maximum velocities reaching 
0.0.52 rad/soc.    With automatic oentrol tho P..I1.S.  values are approxi- 
mately ono third und the maximum velocities one sixth of these figures. 
By adding tho camera vibration movement in the Typo 38 mounting a 
probable R.Ii.3.  velocity of Image movement ir. tho camera of 0.013A- 
ru.l/aoc. is obtained« 
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Introduction 

The characteristic of air photographs which determines their 
content of intelligible detail is the resolution.    It depends on several 
variables and one whioh is of significance in air photography is the 

movement during exposure. 

The usual means of reducing this movement is to shorten the exposure 
tine»    This means is limited however, and In oases when velocity of 
image movement is groat, as in large scale photography, the resolution 
oan be considerably improved by reducing the velocity.    Tho advantage 
obtained in this way is also very significant when insufficient intensity 
of Illumination makos relatively long exposures nooossary, for instance 
in night photography« 

The movement of tho optical imago in tho air camera is due to 
several causes;    tho forward velocity of the aircraft, tho irregular 
movement of tho aircraft in flight and the camora vibration.    Tho factor 
affecting tho resolution is tho movement of tho optical image in relation 
to tho light sensitive film.    In this report the toon "BB4ÜBIUSATI0N OF 
THE OPTICAL EUUE"  io used in the  sense of tho roduotion of volooity of 
the optical imago in relation to the film without respect to tho cause 
of tho movement«    It includes thorufore compensation for tho forward 
velocity as well as elimination of vibration and stabilisation of tho 

in 

»r 

The exposure time is one of the interdependent variables con- 
trolling tho resolution of the lens-film combination.    If duo to 
increased immobility of tho optical imago longor exposuros are allowed 
the other variables can be modified accordingly, e.g. finer grain film 
used,  and tho  resolution inoroasud considerably.   This increase in 
resolution is deairablo in view of tho expoctod increaso in flying 
altitude and it is obtained without changing substantially tho dimen- 
sions of the camera.    Thlc is of significance in view of tho tendencies 
of development of modortf high speed aircraft vihich are becoming anallor 
In size.    The alternative possibility of using lenses of groater focal 
length increases the already objectionable siso of tho camora. 

This report Buimuirisus the main results of the work dono in this 
country during the late war on imap-e immobilisation.    It contains now 
experimental   .videncu as well as a discussion of somu results publishod 
in the papers quoted ut the end. 

Tho subject is sub-divided into throe main parts, - the causes of 
imago movement, the effect of mover iont on resolution, including the 
estimation of ^ains obtain ible by ii-ia^u immobilisation, and tho means 
for image immobilisation.    At the end results of flying tests arranged 
to ohook some of the conclusions are described. 

The applications \.hich have found a successful way into serviae use 
relate to  ntther crude compensation for forward velocity in cases when 
thu blurr due to movciüont was obvious.    'Hie research on application of 
more ooraplotu elimination of iituu;u movement was not continued as in war 
time there ..oro no adequate psvduetion possibilities for tho necessary 
stabilisation equipment which \r..a re luijed for nonj urgent needs.    Only 
a "laemonsti-ation experiment" hau been carried out, and has confirmed 
the practicability of this avenue for improvui.iont in -Ar photo^ruphy. 

2        Causes of image movement 

wo con differentiate three main causes of imago movement in air 
photography,  the progressive rcovemont 01 thu aircraft, the irregular 
rotational movements of the aircraft in flight and the vibration of 
the camera transferred from tho air frame. 

- t - 

iPp k 
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Tno Velooity of forward' movement In the camera «111 be designated 
7f and the corresponding angular velocity of apparent ground movement 

The angular velocity of rotational (irregular) aircraft movements 
Will be designated eA and vibration velooity 8 "j_. 

«•1  Forward movement of the aircraft 

The translations! movement due to the progressive movement of the 
aircraft is in many oases the most important of all the causes of image 

Vf 

The velooity of the optical image in the camera due to the movement 
of the aircraft is 

" ^ '  (D 
where V. ia the ground speed of the aircraft   H    its altitude and   F 
the foou. length of the lens.    Often it is convenient to express this 
velooity as the angular velooity of the apparent ground luovement. 

»f   -   •* r H 
•(2) 

expressed in r&diane/seo. 

2.2      Irregular movements of the aircraft 

On the steady angular velooity due to forward movement of the 
aircraft are superimposed the varying velocities due to angular movements 
of the aircraft in flight, about the three axes, i.e. rolling, pitching 
and yawing.    These movements attain high velocities when the aircraft 
is turning or entering into dive or bonk. 

During straight and level flight these movements are due to aero- 
dynamic, pilotage,  and atmospheric causes.    In steady weather conditions 
they*are relatively Email and dopend largely on the skill of the pilot 
or on-the performance of the automatic controls. 

The velocities obtained in stoady weather are of particular 
importance for photographic purposes.    These are the usual conditions 
on clear days, without much cloud, which are suitable for sir photography 
especially at high altitudes. 

Measurement a ;.»f aircraft atuodiness were first inada by tho author 
by means of a gyroscopic ruooitlur, and extremely low irregular 
velocities voru found (1).    The incasuroiiunts «ore  repeated latar on tho 
vibration tracks recorded for tho ourpose of testing camera mountings 
as reported elsewhere (2).    Much higher fibres for tho angular 
velocities wore obtained in this way and it  is supposed that the 
accuracy of the  gyro  recording is not adequate for this purpose. 

5» 

More flashing light traces have boon obtained since the issue cf 
tho note (2).    This is described in Appendix I.    Is Justified in para. 
J.I  (and App.I) the H.M.Ü.  velocity    ruprosunts the relevant figure 
for application in calculations of photographic resolution.    Tho 
results of those measurements an as follows: 

In average conditions ot manual straight and level flying in steady 
weather a R.M.S. traflag velocity due to irregular aircraft move- 
aunts of 0*0092 rad/aae. oan bo oxpeotod.    Tho —rlnaa» velooltles 
are more than three tiass as great. 
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tfl'th careful 'flying this value can be reduced to 0.005 appro*. By 
using the automatic pilot a further reduction to 0.003 approx. can 
be expected, and the maximum velocities scarcely twice as great. 

.2'^     Camera vibration 

Further ima^e movements which 'are to be added to those deacribed 
above are the rotational components of the oamera vibration.    These 
depend on the vibration of the alrframe und on the type of oamera 
suspension. 

The results of uoma measurements on camera vibrations In different 
types of countings have bean reported in (!».).    These results are 
repeated in Table I with the addition of the H.h.S. values for angular 
velooitiec, which have lieen calculated from the original experimental 
figures. 

TABLE I 

Angular velocities of camera vibration, Wellington aircraft 

Hxp. 
No. 

Mounting Type 
Mean H.K.S. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

'Type 38 
it      it 

Cord suspension, no damping 
Cord aa^p.änsion,   friction damping 
Cord suspension,  critical viscous damping 
Gir.ibal suspension,  friction damping 

it                it                    it              tt 

"                 "          assymetrioal load 
Spring Mounting friction damping 
A. 11 mounting 
A.11 mounting, friction damping 

rad/soo. 
0.0070 
0.0090 
0.0095 
0.0085 
0.0023 
0.0025 
0.0038 
0.0042 
O.OC55 
0.0065 
0.0038 

rad/soo. 
0.0080 
0.0093 
0.0111 
0.0036 
0.0030 
0.0031 
0.0042 
0.0045 
0.0062 
0.0073 
U.OC45 

The mean f i figures of 0.0090 rod/sec. for the Typo 38 mounting and 
0*0042 rad/sec. for thci gimhal laounting can be adopted as reasonably 
safe figures.    The oo rrospondinK Iv.ri.S.   figures are 0.0098 and 
0.0045 rad/soo. 

These figures wore obtained with long focus lens camera (2C").     It 
is usually found that with the short focus lenses the vibrations aro 
higher.    For instance with the K»17 camera fitted with 6" Ions in A.11 
muunting in Lancaster aircraft the moan value of angular velocity 
Gi a 0.025 and ^ K.M.3. 0.026 has been found recently.    This is however 
an exceptional oaau und tracks obtained in Mosguito aircraft with F.52 
oaroras in Type 38 and gimnal mountings with lonees of 20*, 14" and 10" 
focal length have giver, results of the same ordor as iji Table 1. 

4.4     Addition of movementa 

'i'h* effective angular movoiauiit of the optical imn^e in the photo- 
graphic camera is the result of the addition of (he three types of 
povencnt 1   iniissed in. tho previous paragraphs.    Cno of these is unifom, 
the two others are) irregular oscillator/ movement» of varying direction» 
and cf different oharfcctoristio froquonoios. 
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The velocities of thuso movements will add as vootors and ve wuit 
to find the R.M.S.  volooity of the movoiaents superimposed,    '/hen the 
uniform and oscillatory movemonts are added and one of them is suffi- 
ciently groator than the othor the resulting volooity -will depend on 
the greater component only» 

In order to eetinato the effect of the superimposed uniform and 
oscillatory movement in cases when botli oro of tho same order of magni- 
tude, wo oonsidor tho two cases of tho dirootions of tho movements 
parallel and at right angles to oaoh other. 

We may supuoso that tho irregular movement can bo approximated by 
a simple harmonic movement with tho velocity oquation 6 = a sin x and 
tho H.U.3.  velocity oquol 6^ 

Wo will thus have •->. 

? sin2x  dx 

*i   /r 

•i 

V/hon a uniform velocity C« parallol to tho oscillatory movement is 
added tho R.M.S. velocity of tho resulting movement will' be 

fj 2ft 
{ßOt sin x + ef)2 dx 

© 3       ..-.-.—-.  -  » . ••.•». 
3 2* 

Ai2 '* o/ 

If tho roloaitios are at right angles to oaoh other they simply add as 
vootors and tho resulting !i.ia.£>» volooity 

•(3) 

which is the same us with parallol movements. 

It can bo shown that tho  suuu result is obtained at all intermediate 
anglos, and equation  (3) represents tho general oa.ee. 

If two irregular BOTOBOnt»   iifioring considerably in characteristic 
frequencies are allied tho low <y movement cut, be considered 
uniform as ocmpurvl with the other and the above equation used for 
calculation of the k.h. S.   volooity. 

This is tiie case when considering tho comoru vibration and tho 
Irregular movononts of tho aircraft,    "'her. using tho figures given in 
para. 2.2 and Z,i wo obtain for tho standard mounting and average 
manual flying a probable R.H.S. velocity of imago movement of 
0.01.%. rad/suo. 

i 
With global mounting and flying on automatic« this figuro is 

roduood to 0.005»> rad/soo.    Tho oxnoctod mnxlw vulooitios uxo 2 to 5 
times groat..;-. 

Those results voro obtained in steady woathcr ornditions.    In 
"bumpy" weather much higher angular volooitlos are to bo oxpocted. 

7 - 
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i        Effect of the ncyeinont on jdiotographio__resclutiqn 

The effeot of ir.over.iont of the optical image during exposure oould 
be included in the characteristics known by the collective name of "light 
scatter".    Under this name we understand all the optical causes pre- 
venting the formation of perfoot image.   T7hen oonsidoring the Ions in 
stationary conditions the optical aberrations and wave nature of the 

. light cause the rays emitted from a point source not to intersect in tho 
point predicted by geometry but to "soattor" in a characteristic pattern* 

, Projected onto tho diffusing uodium of the emulsion the image is 
expanded and uodifiod in a pattern characteristic for tho "lens and 

.emulsion soattor"«    The movement during exposure causes furthor expansion 
and change in tho ohoraotor of the pattern« 

This "light soattor" reduces tho contrast of small details and 
makes them invisible on thu grainy background of tho photographio iuago. 
Wo may oxpoot that thu effeot of movei.ent will dupond upon tho charaotor 
of soattor produced by the Ions and fil..i.    It is probablo howuvor that 
tho character of scatter for diffurutit lenses is similar enough to make 
it possible to find an empirical function of general application relating 
tho resolution to the imago movement. 

3«1      Gregory's oxeoilmontal results 

Gregory lias measured thu effect of i..iagc raove.iont on resolution 
using thu 20" K/'S.fi Aviar Ions and 5XX film as a representative Ions 
film combination (6).   'In tho unulysis of his results (7,8) ho found it 
unnecessary to dual with tho initial part of tho imago movement-resolu- 
tion function, whore tho resolution is still largely dependent upon tho 
J-UIIB  scatter. 

The aim of image stabilisation is to reduce the movement to such 
limits that its effeot on resolution would bo negligible.    Thoreforo 
the lowest part of the ourvu is of spi.oi.-J- interest. 

In order to arrive' at a general relation Gregory's exporimental 
results wore roplottod In a different vray.    Instead of tho resolution 
its inverse, i.e. the magnitude of the anglo rerolvod is plotted as 
function of the movement.    Both variables are divided by the magnitude 
of the anglo resolved in the stationery iniage.    Tho relation eon bo 
written as follows: 

;-   -    f    <f) 

where   A4    is tho smulluat utgl» büt-./oon test linos roaclved in tho 
moving imago, 

^j,     tho same in the stationary imai;o,  and 

C   m Ot    iB tho angular iina;;e i.iovou:unt during exposure«    ^ substitute 

X. 
«*• a   \     (relative magnitude anr>o resolved) and' 

. •«- >    m    (relative image movamont) 

*>        can bo only equal to or greater than unity and wo can 
vrito tho relation! 

-9L 
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•ft) X •   1 +  #(m)   

with   ^ (m)    «0 for m    =    0 

Gre«joiy has measured the effect of movement on resolution for four 
different lens apertures end three angular separations from the optio 
axis.   The measurements «ere made on Cobb type test objects with lines 
at 0°t 30°, 60° and 90° to the direction of movement and for two tost 

' contrasts, the high oontraut (unspecified) and low contrast of 0.11 
density difference.    Tho relative angles roaolved calculated from 
anoothod-out curves dram through Grogory's experimental points are 
plotted against relative movements on Figs» 1,2 and 3«    On Fig»1  the 
results for hish contrast teat objcot for tho threo angular separations 
and four aporturus are shown for movement at 90° to the test object 
linos«    Fig.2 nhows tho same results for the low contrast tests»    Tho 
points obtained for different aportures aro all reasonably well repre- 
sented by the same curve»    The deviations of the experimental points 
from tho common'curvo do not soora to indicate any systematic trend» 

Mora systematic sear, to bo the differences in the shape of tho 
curves for varying angular eopaiations from tho axis»    The toe of the 
curves is always smallur for greater angles» 

Also tho shape of ourvos varies with tho .tost contrast and for 
low contrast tho curves are tangential to tho movement axis»    For high 
aontrast tests this is loss noticeable» 

Curves on Fig»3 are obtained from diagrams averaged by Gregory 
for all angles bot./uen tost direction and imago movement and for tho 
imogp area covered by a circle of 9° angle to the optic axis.    On theso 
curves tho. difference between the high oor.trast und low contrast tost 
la also noticeable» 

It «fluid be desirablo to extend these measurements to more lenses 
in order to confirm these conclusion».    It would also be necessary to 
include films of different graininess.    From the general theory it 
would be expected that the effect of Increasing gruinincss would be 
oomparabla with that of increasing test contrast. 

The shape' of those curves is always definitely concave.    Such 
shape has been predicted by Selvyn on tho grounds of a theoretical 
argunant (5) although the experimental  »suits do not oonfixm his 
prediction quantitatively. 

In order to find some simple power relation for #(m) tho function 

\ - 1 #(m) 

is plotted on log log paper.    Linear results are obtained for tho high 
contrast test object, with the slcpe of the lines varying between 
1*1 and 1.Ö for tho three imago j»ie?los and an average of 1.55»    Tho 
log graph is not linear for the low contrast tost, and tho slope 
increase a with decreasing movatont»    In tho lower part of the curvo for 
1.2>s&0..5 the slope of the curve varies between 3 and 2»    When tho 
average results for all tost objoot directions and u 9° image field are   m 
plottod in a similar way,  slightly smaller slopes are obtained.    For tho 
high contrast test» the slope values vary between 1 and 1 »8 and for tho 
Id* oontrast bowwoou 1*6 «nd 2*1 for varying aportures. 

In air pbo*og*»j»V.thi» l«nr aontrast details :iro of groat signi- 
DM and for those we oon. (ngJjFOS* that the relation expressing the 

Iimlntitm as a function of 'img* movement is suff identic wall 
approxiakitod by a. oiudxeAio function of the shape. 
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x-i-tt»2)  (5) 

« i. thu. justifiable to u* «- H.K.S. J****£fl *>* '^^^ 
Df th« image movement, a» has been suggested in para.3.2- 

.2     Limits of ngü ge lnovemer.t 

In order to estimate what is tho greatest allowed Image movement 
during exposure, some arbitrary assumptions about the tolerable reduction 
in resolution have to be mute.   For this limiting condition it seems 
justifiable to consider the" oa:« whan the affect of laovejusnt on resolution 
is greatest,  i.e. with test object linos ut right angles to the direction 
of movement.    Also ('rogoiy' s curvop. for tost object at right anglos 
appear to DO more consistent tlian the averaged curves« 

It is usually supposed that a 10,". change in resolution is scarcely 
noticuablo in practice.    An increase of tho smallest test size resolved 
by Xf,i (i.e.  reduction in resolution by 17,o) fcr teat linos at right 
angles to tho movement direction has buen adopted as a limit for tho 
"negligible" reduction in resolution. 

On tho curves Fig.1 and 2 ve find that this reduction in resolution 
is produeod by an ir.mgo movement varying between 0.5 — 0.B Xj, according 
to ttio tost contrast and image angle«   It is thought that tho adoption 
of the curve for 9° imago angle and lew contrast test object (Fig«2) is 
Justified, as representative for average conditions« 

Tho tost contrast of 0.11  is expected to bo more  representative of 
the detail contrast in aerial photography than high contrast«    As oon- 
ooros tho imago angle, a groat proportion of tho urea of tho F.52 imago 
with 20" Ions corresponds to an onglo greater than 9°«    Supposing that 
tho trend of change of the oharaotoristies with image angle will continue 
when increasing tho angle beyond 9°, the results for 9° will be more 
representative for tho whole imago area than tho averaged results botvieon 
0° - 9°.    Finally it is safer to adopt the curve for 9° vhioh is steopor 
than the two others uhovm for the low contrast tost object«    In this 
way a higher ostiuato for the required Image stability is obtained. 

On those assumptions we find that on image movement equal 0,6 XL 
oan bo allowed before noticeable deterioration of imago definition 

ocours. 
On. the averaged curvec for low contrast a movement of 0.6 V 

oorrosponda to on increase in siao of test object resolved by 12^. 

For a uovwuuht twice as great (1.2 Xj) the sise of tost objoot 
resolved increases by 70. • for linos perpendicular to movement and by 
yjf) for the averaged result.    This is a very significant reduction in 

resolution. 

imi      i.esults of air test 

IT. ordur to obtain a oboe* on these figures un air tost was 
arranged in such a. way that photographs with imago mqvomont during 
oxpoBuru oqual to O.C and 1 »2 of the srise of test object resolved in 
tho station ii-y imago «ore oomparod with photographs obtained with image 
movemmt eonper.satioi..    Two F.J>2 Comoros fitted with 20" Aviar lenses 
wore carried in a Wellington aircraft fiylvg at ar. altitude of 6500' 
and 3250"  ur.d ground speed of 200 «.p.h.    The lense«, •iuva usod at r/5.6 
with 1/|»00 seo.  shutter sotting.    In those conditions tho irregular 
movement is negligible    rhotographs of the R.^E.  tost objeot wore 
taken using a standard magasine and a moving film wRgasir.o.    12 photo- 
graphs of tho tost objoot wore obtainod.    After 6 photographs tho 
Mogasinoa wore intoraliangcd on ttn oemoxtts so as to oliminato tho 
possible effect of differonoo In lens resolution. 

- 10 - 



H.JL&   Koport No« 1%.  1. 

Tho mean difference in tho number of test-group3 resolved when 
•oomparing tho negatives with movement oqual 0.6 X^ and no movement, 
aacossad by 6 observers) is 0.41  groups.    Thia corresponds to un 
inoroaso in sizo of tho tost object roBolvod by 11;»    In tho centra 
of tho' flold (angular separation from axis loos than .5°) the moan 
differonco of 0.72 groups has boon found from k tost photographs, 
corresponding to an inoroaso in test sizo of 1U,i.    Thus the agroomcr.t 
-..^.th tho p;Mi. .'tion is good. 

It was net possible to assess thö difference in resolution in the 
phclsg; «h* with movoraont oqual 1.2 Xj^ as all. tho tost objaats wore 
rooolvod on all tho photographs. 

In Pi3Jf two pairs of photographs showing tho offoct of riovemont 
oqual to 0.6 Xj, are reproduced.    The differonco in resolution is Just 
notioeoblo.    Jlg.5 shows tho significant, offoct on resolution caused 
by movement equal 1.2 Xj,. 

It is concluded that the novux.nt equal 0.6 Xj   can bo "./oil adopted 
as limiting movement value. 

It is ejected that tho oxtonsion of this limiting value of movo- 
raont to similar types of lenses of different focal length should be 
allowed.    In view of the difference in shape of tho movement test object 
sizo relation with the ohongo of test object contr.at it is thought that 
considerable change in graininoss may affbet it. Therefore tho 
value arrived at should not be extended to fino grain emulsions*    As no 
experimental information for fino grain emulsions is available however 
the samo value has boon used in all tho arguments in this report as a 
first approximation.    It is exp.;oted that tho error introduced by this 
assumption would nover bo greater than 2:1. 

Tho general ooncavo sJiapo of tho imago movement test object sizo 
relation is conf inaod broadly by practical exporionco with' imago move- 
ment compensation.    It has boon shown th.it tho roduotion of excessive 
imago movement has a very great cfl'oot en resolution and whan approach- 
ing perfect oomponaction tho effect becomes «noil.    This makos great 
-.couracy in compensation unnuox.js:ay. 

i.U-     Effeot of movement in tho present technique of air photography 

On tho basis of the i-bove evidence an attjmpt is raado to evaluate 
tho offoct of imago novjtnont on resolution in >'. foV practical examples 
of air photography.    The mean angular resolutions over tho field of on 
F.52 camera foi  i-jjrujoi.t-tivo lenses usud in reconnaissance photo- 
graphy aro givon in the following table:-    (test object contrast • 0.2) 

/'7:iMu 

\ 
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I -no Boss 20» p/«-0 Surwv lm8 (?) 

T.T.K. 20» PA.6 AviAr lens(l0) 

Bo«- 20» 1/6.3 Survey (piDto_ 
typ«) (11) 

I Sooth i6« jioas IIo. 15807J 
F/6.3 Telephoto (12) 

»«jr 36» F/6o prototype    (13) 111000 

^H^Hs^ 4050 

UZSs6)     ., 
5800 

At F/11 ve can adopt for the lenses At present In service a mean 
angular resolution of 600C lin/rad* for the 20" lens and 10000 lin/rad. 
for 36" lens.   We may expect that in the future the respective figures 
will be 10000 for 20" and I4OOO" for 36" lens. 

Therefore C.6. Xf, i.e. the uaximum movement during exposure which 
would not seriously affect the resolution with the lenses in use at 
present is 0.0001   rod. and 0.0OOO6 rad. for the 20" and 36" lenses. 
0.6 XL 

**"       is the corresponding angular velooity, where   tg   is the shutter 

tine.   With 1/400 sec. shutter tine this corresponds to 0.040 and 
0.024 rad/sec. angular velocity.     .   . 

When adding the forward velocity to the irregular Movement wc 
calculate using formula (}) that in an aircraft flying at' 250 ro-p.h. 
the effect of movement on resolution id.ll become noticeable below an 
altitude of 18000' with the 36" lens and 9500 with the 20" lens.    If no 
vibration was present those altitudon would bo 15000' uith the 36" 
lens and 9000 with thu 20" lens at r/11. 

The severe effect of movement as shown on Fig.5 should appear at 
7500'  and 45OO'  with the two lenses respectively. 

* The term "resolution" is much usod and sltliough in rooent years groat 
progress has been made in thu definition of this complicated quantity, 
son» confusion seams to have arisen in the nomenclature in its appli- 
cation to air photograjihy.    Thu »solution of a ^hotographlo material is 
usually ejqprossod as the nuuber of resolvable lines per millimetre    The 
same uoasure is aometinee   used for luns-filn corbinations, but it is con- 
venient to use angular .-.fcasuiu in this case.    If    R    is the resolution on 
the negative in linos pur mm. and    F    tho focal length of the lens in 
no.  1/t(P is the unglo rosolvod moasured in radians (supposing   /R small 
as compared with P).    The inverse value H F    represents thorefora thu 
matter of linus rosolvod por unit angle.    Toarlo calls this the ground 
resolution and this nasn has boon adopted by sea» other authors.   This 
«ear   is a little confusing and it is suggestod that K F   should bo 
called tho angular resolution and measured In llnoa/^ad. in analogy to 
linoar resolution in iinea/raa. Tho torn around resolution should bo re- 
served for resolution in ground scale*    usually thia^s expressed as tho 
magnitude of tho dutn.il resolved on tho ground i.o. (L where H is tho aircraft altitude. "* 
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All these altitudes will increase with the iono resolution and 
the /round speed of the aircraft.    \/ith a ;*round speed of 500 n.p.h. 
and the new 36" lens a severe reduction in resolution will be caused 
ox an altitude of 2J,000' and the effect of inaga movement will be 
•Uli noticeable up tc 66       ',        posing that the vibration and aircraft 
stoadlneao remain unchanged.    If no vibration '.Jaa present those altitudes 
would bo 4J0001 and 225)00'.    As oi .other example thö K.19 camera with 12" 
lens j/2.5 io taken»   Here it in moro difficult to make an approximate 
estimation as thero are no comparable figures for the resolution of the 
lons-filn combination available. 

It is also not easy to decide what picture aroa should be adopted 
for ouloulatlon of tin; mean resolution, us in nicht photography the 
whole urea is not usually sufficiently illuminated and therefore should 
not be  taken into  consideration.    Toarle has measured resolution of the 
lens used in this camera with SXX film (15) and a mean angular resolution 
of 1600 linus/rad. ayptars to be a fair guess based on his figures and 

account of thu difference in resolution between IriX and SXX 
fijti.R.    "r.  .ground of this figure u maximum negligible image velocity 
wit:, tho K.19 camora is 0»03.    rad/scc. with 1/100, and 0.0083 rad/sec. 
with 1/25 sec. shutter aottiiij; Is obtained. 

The optimum conditions for usu of this camera with tho Mk.II flash 
are at un altitude of U'jVC' with 1/100 aeo.   shutter setting (3).    With 
an aircraft travelling at 250 m«p.h. tho movement during exposure 
1 »45V is obtained and thw thu of foot of movement will be severe.    The 
effect of movement \rtll fu.ther increase rapidly when reducing or 
increasing tho flying alt Ltudo.    Similar oxai^les could bo given for tho 

-i-lute" night camera, where the uffoot of movement is still much 
greater» 

\ftiun culailat.ir.g thu offset of movement for a given short shutter 
time to a first approximation only wo uay omit tho effect of irregular 
osmsra noveaMntS w.d t-iisc .ütod range of fooal lengths) 
suppose the angular resolut . jiropoitional tc focal length.    V/o 
will then f •    1 only on aircraft spuod 
and image scale.    At 2 ... '/) sec.   al.ult.or setting tho offoet 
•./ill begin to be severe at a soulo of 1   :  2500 and iaoraSM rapidly 
ifith thu .^cale. 

" .ixpufted .•fiviu.t:.,.;-:.       1' 

In tho proct-dii:. I as Keen mode to estimate 
Lactting conditiens wl ant begins to affect tho 

ruso. . •     allow the calculation of 
as in resolution i: .      'ow given examples 

•-ti these otir.diticns occur in practioe»    Iha ,?unoral conclusions 
Ln use ij. day photography tho 

rtovtt. .: tlw roaolutii ons-fila combination only in 
.-.cale photography.    In ni ' i. pyrott-ahnio flashus 

tho offoct 

In all cases   AMI. in preaont technique the movement reduoos tho 
imago   ii,{ii.itior. immobilisation will Jlr/.j attainment of tho full 
resolution of the lcno-filu oonW nation. ' "hi.; however is not tho only 
possible application cf iiiuge \... b Lliaation.    Further improvomont can 
be obtoinod with the use of difT\_-.mt films and different exposure 
tiraos from those used in prosent practice. 

'.'he rusolutiot. of oar photograph: 
ao&tter» the grain inoss cf tin. 
•jxposuru, whioh as wo have scv 

I depends on thu Ions-film light 
a. and tho morenont during 

ota the "scatter". 
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Supposing a given velocity of the optical image movement, all these 
•laments axe Interdependent and we cannot alter one of them without 
altering tho others»    For instance if we try to roduoe the groininoss 
this oan bo aohiovud in goneral only by using a film of lower speed and 

. an alteration of tho Ions aperture or exposure timo will bo required. 
UM ehango of lens aporture will affoot tho ligvt soatter and tho ohango 
of exposuro timo tho movement during oxposuro, and so changos the 
effootivo light soattor in anothor way. 

Tho vuluos of shuttor spood, Ions aporturo and film graininosB 
adopted in prusont praotioo aro oompromiso values which in tho prevailing 
volooitios of imago movomont havo boon found to givo tho bost possible 
resolution. 

Improvomont in any of those elements - for instanoo increasing the 
film spood without changing its groininoss - willollaw us tho adoption 
of diffuront oompromiso values for tho two othor elements and to obtain 
an improvomont in resolution.    Reduction of imago velocity will allow 
longor exposures and improvement in rusolution of tho Ions-film com- 
bination by oithor roduoing tho light soattor or tho giuininoss or both. 

Tho imago stability required in order to obtain a oortaln gain in 
resolution can bo estimated using the statistioal relations workod out 
by. tho Kodak Research Laboratory at Harrow.    Aooording to Toarle (16)   ' 

. tho angular rusolution of tho luns-film combination is roprosontod by tho 
formula: 

Go.5 

whoro G is tho film grainineso, I'/Ho 
K tho proportionality factor. 

tho stop number of the lens, and 

On tho othur hand tho graininuos of tho emulsions aooording to a 
similar empirical relation (17)> is proportional to tho cubo root.of tho 
film speed. Thus uhon changing the film grainineas tho relation botwoon 
resolution und exposuro timo tj. is expressed by the oquation 

*8 K" R° 

The maximum negligible movomont during oxposuro is inversely pro- 
portional to tho resolution 

R 

und the maximum negligible angular imago vclooity 

m_   _   C'        -    ..     7 
e 

P   •    .=-     m   A- , 
*E        R7 

whoro C'   is the now constant including K' , K" and K*'. 

•(«) 

By similu* rutaoning wo find thcA vjhon ahanging tho lens aporturo 
tho uudan no eligible imago vulocity is 

e -  -£,  (7) 

p. From this wu find that doubling tho resolution by using finor grain 
film would require tho inoraaao of oxposuro iimo 6fc. tinea and an lneroaae 
off lma«o stability by a factor of 128 timo».    Tho maxisai allowable 
angular vulocity to obtain this result with tho }6" tolophoto Ions is 

"0.0001° red/sec. 
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Tho'se are 'statlstioal formulae and in individual oases better 
performance may be obtained.    The results however obtainable when 
Lpl^oing BxTwith hicrofile film aproo reasonably well with this 
prediction. 

The resolution used in thi. fowl», is the ,«an ""rtuU" £°r 

the wholo image field.    The  :«in ill «solution ^,J» f*0*.1?".1" 
grtininessl^ends upon the pattern of light distribution °'£*£ 
images produced by the lens and usually it changes considerably with 
thelens aportu«, angular sopuution from axis, and also with the 
lens typo. 

-,   i,      R JCicrofilo    __i_ 
In order to oho»» thin the ratios of resolution jfjgjj     ' 

culated fron moasuro^nts made by 'l\.arlo (10)   (19)   (20), arc P^ttod 
in Pi«.C.    Thow. ratios are plotted aßainst (image)  J^^1•/•"'tho 
optic axis, for different Ions apertures,    nocauso of the scatter of tho 
points,  it was not possible to .Iraw separate curves for each «torture 
arid oommon ourvea for two higher and two lower apertures arc drawn. 

The 3iin in resolution i;i consistently higher noar tho axis than 
for largo field angles and also inoroaoos with decreasing lens aperture. 
In «.nerol the coin is greater when tho lens acattor is smaller.   Tnc 
««aTr:toluSenßru?ios are indicted on Fig.6 calculated from the curves 
for different lens apertures.    According to the ompirLoal nd»M« tho 
gain should bo 1   j 2.U.   which ag«os reasonably voll with tho f iguros 
ohtaiuud for small apertures. 

in view of these different results obtained for different lenses 
It is of interest to tost the new improved lenBos now oominc into 
Induction (11)  (13)   for their resolution with fine grain filu. 

In order to    USCO the value of tlds mothod of inoroasing the 
«solution it should be compared with other ways of obtaining this aim. 
The method goBonllr adopted up to date has been to lm»»"o «^""* 
length of tho lon.-es.    It in known that tho angular «solution increases 
at a slower rate thur. tho focal length.    Accordln3 to Tourlo's •^• 
(16)  tho ungul^ resolution increases in proportion to tho square root 
of the focal length end doubling the resolution of tho present 36" lens 
«Lu rio^A Una of approximately 150- focal l""f h if the formula 
can be extrapolated to such an extent.    It la probable that still 
greater increase in focal 1 n«th would bo necessary. 

loaroAM in «solution without  sicnificantly increasing the siso 
of the  oar,*;« '" viow °f thu *^an<V of modorn 

aircraft to bv.ooi.ie aialior. 

The dieadvantago of this i«thod however is the small sizo of the 
imga ^ -.   lopmrnt of the viewing and inW- 

piutins toohnioj». 

I M Photo EMtaf tho pyrotechnic flash is still tho most 
powerful light  aoiai» available, permitting high altitude application. 

Lso in low altitude its uso will probably remain widespread. 

Tho light output is howvur olvoye the moat oritioal factor 
affecting tho resolution, quality (aupproasionof haso effect) and 

titudo ranje.   Alao too flaah duration is relatively lonß.   D°"?"°.    . 
the use of ahutWa radnoing the total oxpeouro at least by half (3)  W 
the off oat of movement is always aorloj.- and a signifionnt improvuuant 
would bo obiainod by i«««*^ iliaatio: . t   iurther advantages could 
bo obtoinod if adoouato ia»a*ilieation is realised allowing tho full 

£l thus S!o full Ught output of tho flä* to bo utllisod. 
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It 3ouma reasonable to «neat that in this caao tho prosont oltitudo 
range ooulu bo lnonn—1 by 2 ijid it tho. suma time tho full rooolution 
of tho prueont Ions film coiibin .tion obtained, or .Alternatively a Ion 3 
film combination of twice as groat resolution uood to its full 
advantage.    Guoh a grast gain in roaolution can bo obtained by a 
siMultcinoouc inoroaso in food longth and roduotion in .ipurturo.   Tho 
inoroauo in focal longth is praotiooblo when thu relative aporturo ia 
reduced. 

It        Loans cf iiaago i.-:tnobillaatioi] 

A.1       Reuulromonts l\n different typos of :Ar photoijraphy 

Thu iiinvonont of tho eptici.1 inu^o in thu OUIMM is a rosult of 
•Cmral factors and OMh of then muat be auppros.;od by different moans» 

Thu translations! i.iovuiiunt of tho imago oi.nnot bo eliminated aa 
it  is tho nucosaary conuuiiuonco of tho forward velocity of tho aircraft. 
However it ceii bu oompotioutod for r.o it is rogultir and predictable. 

Tho irrogular niovoi.ionto deriving from ongino vibrations and air- 
craft unstoulinosa .i.uat bo olimim-tod.    Do3pito thoir different origins 
thoy aro uimilar in ah-V'." bu* '^"or in characteristic froquonoioa 
and :. oornnon trer-tnoTit of them ia po3uiblo« 

Tho ijnago velocities duo to thoao oauaoa vary within wide limits 
iiu necosoity of auppru.isinf, tho dilforont nnvomonts depends on 

the i.uxinum vulocitioa allowed in diffurunt ..j^ili oat ions of air 
jjhetoKraphy.    Thoce hive boon coloulatod in para.j and aro shown in 
Tablo TIT. 

TABU3 III 

 jibli.: in-,-,'- v.lccitiua in air jJiotography 

. iiöclmuci negligible    { 
Typo of Hiotogruiihy image volooity 

1 Day photor.raxjhy 36" Ion:: ?/11  1A00 aoo.SXX film 
"                   "    now i(,"    "(1J5) y/11  1/VX) uoc.    « 

0.024 rad/seo. 
2 0.017 
3 1 ijit             "    12" F/2.5 luna 1/1«" :,oo. VnX    " 0.0J5 
I» ii                w                 't                1/2b      "          "      " 0.0083         • 
'J H   25" P/^.5 Ions 1/10 HOC.                             (.'.0015 

(o^et. pi. .to, 
supposing ttUOO linos/;-- d.  ri.solution) 

6 
L  

p ,}6" F/11  f.             .     iorofilo filri.                   0.00019      " 

Comp:;;i;l with t: ia tho volooity due to the .aided 'if foot of air- 
craft iiujtahility    a • th    (para.a.lt) 

Averse   unnial fJ )   0MJk „S/IM. 
standard oamos.mounting.      ) 

0.00% rad/i»;c. Hying on 
ounting. 

velocity duo to fc rt •   ".»ithin wiilo limita 
tut for ,oct operational conditions it i.- uueh higher than that duo 

•   . 

• Touring thooo figured we find that the volooity allowed in 
• •ato^r-pliy is always gronter than that due to irregular •OTaaaotl 
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la average flying condition«.    Tho some applies to night photography 
«lth a fast shutter sotting« 

This Cleans that In these oaaoo it la sufficient to suppress the 
forward movement in order to obtain tho full performance of the lens- 
film combination.    In night photography wit:, a 1/25 sea.  shutter setting 
improved mounting and flying stability ia necessary in addition to tho 
compensation for forward movement in order to eliminate the effoot of 
movement.    In tho oaees of high resolution open plate ni^it photography 
and high resolution day photography with flno grain film,  (Table III, 
5 A 6) the irregular movements nuot bo eliminated fax more completely 
than was possible until recently in order to obtain the expected 
performance. 

I«2     Compensation for forward movomont - required accuracy 

In order to suppress tho of foot of forward movoinunt we must predict 
or measure its rate and oompomiato for it.   Both can be done in different 
ways and the dovioo will depend on the required accuracy whioh has to be 
analysed first.    It is dotominod by the requirement that the resolution 
of the lone-film combination should not bo affuctud by the movement. 

If howuvor for tuohnloal reasons wo decide to suppress tho offoot 
of forward movomont only in cauoa vhon tho irrof.ulor volooity is ao 
groat that it olruady affeots tho resolution, tho forward volooity 
should bo limited to suoh an   uxtert. that it would not appreciably 
offoot tho volooity whun uddad to tho irrogular novurunt. 

In both caaoB it is convenient to oxproas tho allowed orror in 
coimponsation as a fraction of tho unoompansatod volooity« 

In the first oasu the allcwod volooity is 0.6 \/t£.    This should 
bo equal to the R.K.S.   velocity obtained by aiding tho irregular 
volooity and tho permissible orror in compensation which wo will call 
e„.    Thus     

•o   •   /  (0.6 V*E>2 " 6iZ 

JL '0.6 V\ 2 8t   x 100 .(8) 

the irregular movement is nogllnible thin becomes 

e 
. It O.C'XT 

• VA    tjj 

This muana tho permissible error is equal to 100 x 0.6 of the 
dotoj.1 mß»5nitudo rooolvod by tho stationary Ions in tho ground noalo 
divided by tho distance travelled by tho aircraft during tho oxposure 
time.    In coses when the differences in ground resolution duo to 
application of different iunsoa cun be nojjloctod it will be in tho 
first approximation inversely proportional to tho image scale, aircraft 
speed and shutter tins» 

In tho aocond ooau, «hen tho irregular movomont controls tho 
rusolution wo may adopt arbitrarily tho condition that tho K.U.S. 
volooity resulting fro» adding those movements should not bo of footed 
by more than S0£ by tho uniform component.   This will offoot tho 
araraco resolution by approximately 5-15/S» according to tho magnitude 
of tho irregular component, aa can bo scon from tho ourvo Pig.jb.    It 
would bo more ooiroot to adopt an arbitrary value for tho redaction In 
resolution.   In view of tho approximate value of all tho calculation» 
it 1* thought this oomplloation Is not Justified. 
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From the aquation O)   «ra. 2.4 it is found that the R.M.S. 
velocity of the resultant motion is increased by 20,> when the forward 
velocity ie 0.65 of the irrejiulir volooity. 

tTe will thus have 

eo >,    n    0.f,5 6i    H/VA      -100 •(9) 

The following examples nay servu -'»8 an illustration of the order of 
oaouxacy in oompensution required in piuotioe. 

Supposing a day camera with jfi" lens of F/11  und 1/400 soo. 
shutter tine in en aircraft flying at 250 m.p.h. at 3000'  altitude 
we find from formula (8) the allowed error + 257?« 

In the night camera with 12" l'/'2«5 lens and 1/25 seo. shutter 
time in an airoraft flying at 500 m.n.h.  at-70001  altitude the allowed 
error + 8;J is found using formula (9). 

In both cases the K.M. S.  irregular volooity of 0.0134 rad/seo. 
has been supposed. 

The required accuracy is much greater in the oase of a stabilised 
oamera with fine grain film. 

Taking the same if>" lens in the aircraft flying at the same speed 
but at 40000' altitude and using a fine grain film which would give 
twice the resolution of the standard film - the allowed error in 
compensation is only + 2/i. 

It is thus impossible to draw any figures generally applicable 
for tho required accuracy in image ijovamant compensation.   They can, 
however, bo calculated for each particular oaso. 

. In tho above-  reasoning the requiremunt of the full utilisation 
of the potential resolving power of the lens/film oonbination has been 
adopted.    The roquiruu imago definition is an independent factor. 
Often much lower resolution will be adequate, ufipeoielly if low altitude 
flying has been urinated for strategical reasons rather than for con- 
siderations of   .round resolution. 

Tho uttainulilo ucouraoy in laovomont oompensatiOD may bo 
Uj-.dtod by the   .ociiriioy of tho  ..'.thoda    adopted und by tho accuracy 
of estimation of tho romjired coi-yunu^iion velocity.    Jo'eh these 
factors are di ucusoud in tu foHouin-j pitragraphs. 

4*3      ifcthodu of con-unaation L'or thu fox'ward movement 

The effect of tho forward volooity of tho airoraft m tho optical 
imago in tho cuiaortt oan bu coiJtpor. sated by introducing a suitable uovo- 
mutit in tho camura uechunism.    Tho aim of this oomponsation is to 
imaobillao the optical ima,;o in rolation to thu sensitive film. 

The oonpensaticn eon bu obtait.od in two different ways:» 

{'••••)    The optioül iÄvtfü is moved parallel to itnolf or tho film is 
Boved in its plane at auch r> rate and in such a direction as to 
provide iiorobili-ty of tik; Loa,;o in relation to tho filin. 

(h) The sighting aads of tho osaurxx is rotatod in such a way that tho 
principal point of the oanera has tho same objoot point projeotod 
on it throughout tho ospoauru. 
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- Both principles can be applied in different \»jo, by means of 
purely meohanical or optical aids.    The translations! movement of the 
image in relation to the film oan for instance bo obtained mechanically 
by moving the Ions or the film durlnc the exposure, or optioally, by 
rotating a glass plate arranged between the lena and the focal plane« 

The angular movement of the sitting axis is obtainod by rooking 
the camera or by rotating a mii-ror or prism, or a combination of 
mirror:- or prisms in the external path of the light entering tho 
oamera lens« 

V.31    Translations! image movunont in relation to tho film 

The principle of tho parallel movement of tho image in relation 
to tho film is goometrioally corruot.    Supposing tho oamera ax±8 
vortical and tho ground plane horizontal the image will be geometrically 
similar to the object.    Th» imago velocity due to airoraft movement 
will be tho samo in ovary point of tho iraagu and will be fully com- 
pensated by parallel movement.    Tho only errors will bo those due to 
Ions distortion or to the inaocurato- fulfilment of the geometrical 
condition. 

Tho parallel movement of tho optical imago in relation to tho 
film oan bo obtained mechanically, by moving tho lens or tho film 
t ranslationally.    This doon not introduce any errors in prinoiplo. 

»hon employing tho optioal method of a rotating glass-plate we 
find that tho lato of image movement is not uniform ovor tho field. 
Supposing the oompenaation to bo oorreot on tho axis, tho error is a 
funotion of tho angular separation .from tho axia and of the index of 
refraction of tho cluso, as shown in Appendix II.    In a line passing 
through tho principal point of thu imago in *ho dirootion of flight tho 
error expressed in   .1   of tho uncorapensated velocity is 

1_ 
It -~1 

._  OSfC. cos 2" si" g) 
(»--.) coo a(e2 - sln2«.)3^,/ 

.100 
.(10) 

whero   a  is the angular separation from optic a.\is und  V     tho index 
of refraction of the glass. 

On Pig.7*thü error is plotted gainst the angular separation from 
tho axia for   f »   1.52 (full 3ino). 

U.12    Kotaticn of tho airfitir..; axis of the camera 

By rrtutin,- UM sighting Ndl of the omf perfect compensation 
of the imiure movement our. be obtained only or. a lire passing through 
tho prinoipal point  of tho photograph parullol to the axis of rotation. 

As shown in Appendix III the errors in compensation in other 
points of tho imago,  supposing the camera v»xtio«l at the moment of 
exposure,  oan bo calculated froi.i tho followir.j; formula: 

 .(11) 
• /  it *2 T* 

X and Y are the coordinates of the point in the ground plane with 
rospcot of tho law» of the <xu»»maxlo as origin and the X axis 
pojillol to th« lino of flifcfct.    H    is the ai.-oroft altitude. 

-     :    .   •i       .... 
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he arror for   X a 0   is rocalculatod for angular ocparation and 
plotted on Fig.7 as an inturruptod lino.    It is smaller than tho oiror 
obtained itfiar. using tho rotating glass plato. 

On Fig.B tho linos of equal orror aro sham on thö fiold oovorod 
by a 9" x 9" camera fittud with a 6" lens.    On tho some drawing tho 
fiold oovorod by an F.24 camera fittod with an 8" Ions and on an F.52 
oamora fittod with a 20" and a 36" Ions is indioatod. 

4.4     Application of movement compensation 

lt.li.1    Comparison of methods of oomponsation 

TThor. oomparing tho allowable orror in compensation with tho orrors 
causod by thu different methods of compensation wo arrivo at tho con- 
clusion that for most of tho applications of oomponsation using high 
spuod filu,  i.o. for low altitude photography and for night photography, 
all thu methods disoussod givu suffioiontly occurato rosults with 
narrow anglo lonsos.    This applies to tho F.52 ccmora with 20" and 36" 
Ions. 

With lonsos oovaring an anglo of 35° or more tho orrors in 
compensation whon using oithor tho rotating plato of tho rooking mothod 
arc beginning to bo significant.    For instance,  for tho F.2t camera 
fittod with 0" Ions tho orror i.t tho odgo is 10,0 whon tho rooking 
method is usud and 155 J with u rotuting glass plato.    This would still 
not bo excessive for most of tho applications supposing that tho 
oompunsation movement is a* adjusted that tho orror is dividod with an 
undercompensation on tho axis and ovoroomponsation at thu edges. 

For wide anglo coiaoras both of thesu methods ;;ivo oxcoasivo orrors. 
For inatanco for a 9" x 9" oomeru fittod with a C" Ions tho orror at 
tho odgo ia moro than 7S> with the  rotating plate and moro than 50,» 
with tho rooiring camora. 

For .lhotography with a highly stabilised oaraora and fino grain 
filjn both of theso methods can be used enly for rtarrow anglo photo- 
graphy,  o.2«  for tho F.52 camera with u 36" or longer fooal longth 
lens. 

Tho method» of Moving the lens or the film are froe from any 
systematic errors Bad convenient for ..lochanioal solutions.    Tho mothod 
of moving tho film h.\c ti tags of continuous compensation which 
ia significant -.iier. it is not posuiblo to predict exactly tho moment 
of exposure as in r.Ljht photography using pyrotochnio flashes. 

An ologunt construction using the Moving film principle is tho 
-lit oaraora in which the film is paused behind u narrow slit which 
replace;; tho shutter.    Tho exposure tirao is dotormined by tho slit 

• h -j-.d the apoud of the l'ilm movement. 

This liethod has been found very successful in low and very low 
• with wide anglo lonoos.    At highcj- altitudes using 

longer focrj. length lenues image distortions duo to tho ccnora vibration 
f the   -ircrt.lt buoouo wry apparent.    Further 

diff. r... auusud by tlie necessity of using very narrow slits 
beoauoe of the slow rate of film uovomont. 

Both these   Uffiaoltios '«"ill disappear when U3ing a stobilisel 
•   low-apoe<i fill.»    Sanpoalag t  :.t tho slit is inter- 

secting MM ,  the adv«i ••••        f this sohone xs that a greator 
proportion of *. . | nvlueud by the uontrnl part of thu 
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Ions«    This i3 of significance «hen using the-lino grain film as in 
this cane the resolution is dropping off very much more rapidly with 
angular separation from the axis than with the high speed film.   The 
gain in resolution, due to employing fine grain film when using this 
arrangement will thus he greater than calculated in para. 3.5. 

A disadvantage of-the film moving method is that it is necessary 
to stress the film .iieehsnioally during exposure in order to overcome 
thu friction.    This is likely to introduce differential distortion 
of the film during exposure which uoy be of significance in survey 
photography.    It is thought however that tho necessary friction .can be 
reduced by appropriate camera design to such an extent that tho ulastio 
distortion of thu film would be negligible. 

The method of moving the lens is froe from this disadvantage and is 
also oonveniont for elegant mechanical solutions with tho Ions movement 
coupled with tho action of tho inter-lens shutter. 

In this ease however tho lens movement must bo correlated with tho 
shutter action in order to allow exact determination of tho lens 
position during exposure- 

'f.lf2    Compensation in a tilted caiuora 

It is often necessary to tilt the curoora axis so that it is no 
more at right angles to the ground piano o.g. cameras tilted sideways 
are used in 'order to incruaso the ground cover.    Rear tilt is used 
in night photography to bring the bent illuminated part of tho ground 
in tho  camera field. » 

In those oases the rate of imago movement is changed as compared 
with tho vertical cumcru and becomes not uniform over tho field as 
disoussed in Appendix IV.    Fro.i the graphs accompanying tho appendix 
it  can be seen  that movonont  oompenr.t.tion can be still used with 
advantage at considerable tilt:'.    Tor instance in u K.24 camera fitted 
••<ith Ö" lens the error at the uijjii reaches 50/. and tlic movement can 
.still be reduced tc half its TSj.ua vithout compensation at a foro and 
uft tilt of ItOP. 

With the F»52 OMMU fitted with id" lens :ind with sideways tilt 
tho : jrao oendition ie obtained ut 77° angle of tilt. 

If high accuracy in oompot;.;ation is required the allowed margin 
for tilt angle! is narrower but  Ll not li'jporving exceedingly small. 
With F.52 camera with ~ . nd an allowed error of 2ft at the 
odgo a aaximum fore   .nd aft tilt of 6° or sid.vayo tilt of 10o is 
permissible. 

4.A-.?    \ train« of the camera Eieuhaniaa 

With tho conventional onaove. typos taking expoaurea periodically 
v time intervals cüLcoiated sn   j to ft'ivo tho dx.sired overlap of 

pictures,  the time interval between exposures is inversely proportional 
to the imgo velocity in the cnera.    Thu tjuohanisn controlling tho 
compensation velocity oan ti.uc oo dusignod to control the timing of 
the camera T/elef  and repL.co the timing controls used at present. 
This applies to all the methods of ooopunsation for progressive 
M vencn t. 

ristiwatioii uf the required velocity of compensation 

Tho angulur velocity of <X!^,tmaatio:i movement necessary to 
compensate for tho laogo uovic-'it oan either be «-.-Geia-tcd frou the 
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information given by the navigation instruments or can be measured 
directly by means of a sighting or ground scanning device« 

Besides the velocity the actual direction of movement in relation 
to the aircraft axis« resulting   from the aircraft movement and Kind 
vector must be determined« 

4.51    Measurement of around speed and altitude 

The information necessary to calculate the compensation velocity 
is the ground velocity vector and the altitude abovo the ground level« 
The most usual methods of measuring the required magnitudes in the 
aircraft are to measure the static air pressure (altimeter) the 
dynamic pressure ('indicated air apood), and air temperature.    The 
further information required in the wind vector«    This is the one most 
likely to introduce error.   From the experience of R.A.F.  Squadrons 
using the Mk.1!» bomusight it is estimated that «hon the wind vector 
is determined near the target by moans of the Air Position Indicator, 
an overall, accuracy of the angular velocity determination of £ yfo 
can be oxpeotod. ~ 

If the information on wind vector given by the metoorologioal 
service is usod errors of 25 m.p.h. are quite likely, and an overall 
error of * 10,j should bo expected with the present air speeds«    If the 
target altitude over sea level is not known the relative errors may 
increase considerably, especially at low altitudes. 

From these considerations it can bo concluded that the calculation 
of oomponaaticn velocity from mam-metric altitude and air speed 
measurements gives results of adequate accuracy for most applications 
of ina,;o movement compensation.    It is suitable for adaptation for 
automatic oontrol«    Its disadvantage is the problem of finding the 
wind vector and the inaccuracy in the case of varying ground hoight 
in the target area.    The lost cause inakus the method of little use 
for low ultitude photography in coses of uneven ground« 

Much mnro roliablercsults in this rmspoct are obtained by means of 
the radio altimotor -which gives the altitude above ground level«    There 
are also possibilities of measuring directly the ground apood and direc- 
tion by moans of radar methods', and feeding the information into a oon» 
trol.     10th these methods are in development and -will not bo discussed 
hero in detail.    ;:y getting ovur tho difficulty caused by the wind vec- 
tor determination,  .-jid tho need to allow for ground altitude, those 
methods proir.iao to be mucb simpler and reliable than the methods based 
on manomotrio moasuj-enont«    The advantage cf all these methods is that 
they can be usod .it night as -..ell Lis in 'lay.time. 

lfc.52    Sighting nothod 

The sighting method gives quickly accurate information on the 
magnitude and direction of the apparent imago movement. 

It is ostimatud that tho effective accuracy of tho S.A.B.S. 
bomb sight which ii ;*vsed on this principle is 0»?,i« 

It is thought that for tho -purpose cf iiaaju movement compensation 
it will bo oonvunior.t to arrange tho sighting di.-vi.oa in such a way that 
the correct compensation could >>o estimated at  i glance or "in the course 
of a few seconds and not as c result of t relatively long run as with a 
boafcsight.    Measurements have thus been made on the visibility of imago 
aovGaxsit In the field of a sighting telescope provided with a graticule. 

22 
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It has boon found «hon observing the moving pattern of tho aerial 
: photograph without magnification that a rate of movumont of 0.0009 
rad/soo. can be detected in a fow seconds under good conditions of 
observation,    k uioveuont twice us great is easily seen in an observation 
of approximately 1 sec. duration. 

This means that in ordor to obtain tho aoouraqy of 0*00019 rad/soo. 
nooossary when using ldcrofilo film with a 56" Ions (para, t.1) a 
magnification of approximately 5X lind proforably 10X would bo necessary 
in tho sighting teluscopo.   More oxpurionoo is atill required to 
decide tho bust magnification as it is moro convenient to uso a wido 
angle.sight, providing a groatur ohanco of finding prominent ground 
detail on which to observe tho movomont. 

Tho sighting method besides buing aoourato is also simple, and 
oertainly it is advised for oxporimontal purpouos.    Its disadvantage 
la that it cun not bo developed into a fully automatic method. 

It is thought that a device stopping tho image in the field of 
..eight for a reasonably long time (5-10 seo. for convenient observation) 
tis preferable to a sight with both imago and graticule travelling 
across the field at tho sarao rate.-   In this latter OSBO tho magnifi- 
cation of tho sight would bo of lues advantage as it will reduce the 
duration of observation in the same proportion as tho movement volooity 
is inoi-uaoud. 

4-.5.J   Scanning mothod 

whon thu optical imago of a bright moving objoct is projected 
upon a grid of transparent and opaque llnoo with a photoalootrio ooll 
arranged behind it a fluctuating current is produced.   Tho frequency 
of fluctuation 1B proportional to the velocity of tho mo vornan t and tho 
number of. grid lines per unit length and can bo used for measuring tho 
volooity (23). 

• If instead of a single object tho wholo imago projected on thu 
grid la moving, e.g. the ground imago soon from tho aircraft, similar 
ourront fluctuations arc obtained booauso of the differenous in 
brightness of tho imago detail.    Supposing tho transparent linos of 
width   a   auparutud by opaque linos of tho samo width, now.detail 
will appear in thu transparent linos us long as thu movumont is smaller 
than   a   and thu tottj flux transmitted by the grid will vary at 
random.    For .'. movutiont equal to    2a   however, thu same detail us at 
tho beginning will he projected en "the transparent lines, shifted by 
one line sp^oing with the uxcuption of the first lino whore now detail 
will have q>puarud.    Thu flux transmitted will bu nearly tho samu as 
at thu beginning. 

Thu. phase und umplitudo of this cyclical flux change will vary 
slowly at random as new detail appears on tho j;rid resulting in a 

. signal oharaoterisud by a bund of frequencies.    Tho width of this 
frequency band „which dotcruino» tho cccurncy of velocity measurement 
depends on tho number of linos in tho grid. 

•  Uta principle described has been applied in thu Automatic Film 
Qpemft synchroniser, built for the Sonne strip camera.    Tho duvioo 
omnlios a simplified optical system with tho Ions roplaood by a grid 

this doviou la fully outomatlo and controls tho speod of fttaa 
by »ours of a constant speed motor and a variable transmission 
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worked by a iiurvo nyotun.    A apoud range of 1   : 1(0 ia covered.    The 
apparatus is built for vuzy low altitudes,  and the highest altitude 
oovered is 1000'  at 220 nup.li. ground speed.    An aocurtoy of film 
speed ocntrol within + 10>c ia oloiiued. 

There is no fundamental objection to the application of this 
system for high altitude photofjruphy»   Also the system cf Aim speed 
control can be simplified by vising a variable spood motor with 
electronic control and it is reasonable to oxpuct that higher accuracy 
can be obtained. 

4.6      Elimination of irregular movement 

[ha iaaga stability ruquirod in order to iuprovo the resolution 
significantly is vury high.    It has boon ouloulatud in para.5 that 
in order to double thi; rusolution of the prosont j6" lens used with 
Standard Pan film the angular velocity of thu stabilised camera should 
not bo greater than 0.00019 rad/Bue.    This is nearly thirty times 
groatur than the stability obtainable with the gimbal mounting when 
flying on automatic oontrol^. 

Thu irregular movements cf the comura are duo to the vibration 
transmitted from the air fi-air,u, and thu irregular movomonts of tho 
aircraft in flight   jf aorodynaüdo pilotage,  und atmosphurio origin. 

ii-u oscillatory movements of a similar, rathoi- irregular, 
character and differing mainly in fVuquunoios.    Yftion oombinod thoy 
cover in effuot thu \*iolu spectrum of frequencies ranging from tho 
top fri quonoy produced by thu unginu down to a few qyolos par minute 
or lau.    nu •;xpuriment£i oaiTi-jd out in tho aircraft have shown, 
than •data nc natural frequency which would not respond appreciably 
to those i.xcit.d 

a 
A co.iipr;rdce is obtained by choosing ••; Mounting of a natural 

frequency lua.-.t  affuetud by thu usual frequency distribution of thu 
air frame vibirition and Jpplyi: • to prevent resonant vibration. 
In thiu way thu bust poaslblo -iii.unu.tion of tho highur frequencies 
duo to unginc uxcit.tion is obtained and tlio canon, follows fairly 
closely tho low i'ii; i;oncy Irx .'uactit cf the aircraft. 

only rotational nuTOttantl of M ..ill affect the-resolution. 
Thu vulooitici     I -iblu as 
compared with tho progrue •'. i   thu case of compensation. 

Thorofcra  it  La '      i-otationol vlbra- 
j-.l to avoid liainfoiwuUllli    f tntnslatl .tion into 

rotational.    ?! ation is satisf thu rooult of 
tran. La1 I t  or thu oaaar* in any diruction from its 

LibriuB position TIO i.uci.-r.t cf force about it« C."..   is jjenoratod, 
i.u* thu ooanra La Bupported at its CO.    In tho coco of a dampud 
mounting ' latioi ant of tho camoru 
in thu mounting laist not gonorato moments about its CO. 

If this oonditioT. 
global s , thu „\ Lada ' 

rously as it can bo obtained 
thu translationul 

IBB bu rigid 
1 also 

of the . neiuo are 
.    . .   A compromise is obtai-.iud by a global 

• .rtalr. amount of tn. -  eenpliancu.    This x 
ng vith much highur I Iionol 

• aiuo.    If tho translatior.J. v La ivducud to a 
..<», loaa rigoroua fulfilment    f the eenditi! 
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support oan be tolerated.    A i^Jdbal Buspension baaed on this oompromlso 
with natural rotational froqutmtslos near 100 o.p.m. and tranBlationol 
near 600 o.p.m. has been built (it.). 

In this mounting the angular velocity due to high frequency 
vibration has been reduced to, or below the level of irregulär 
alrdraft movement flown on automatic oontrols. 

Still further reduction of high frequency vibration oan bo 
obtained by further reduction of the natural froquonoy and rigorous 
fulfilment of the condition of suspension at the C. 'S» which requires 
compensation for the mass movonont due to film winding in the oamera 
magfttrine«   To obtain advantage of this furthor reduction of vibration 
the low froquenoy irregular movements duo to aircraft instability 
have to be° eliminated by stabilisation of the caitura support in spaoo. 
With a rather imporf jot gyro otabilisod mounting obtainod by modifi- 
oation of the Minneapolis Honeywell mounting a reduction in tho low 
frequency movements by a factor of 2-3" has boon obtained.    This per- 
formance could probably be oonsidorably improved (21). 

A bettor plan however is to reduce tho natural froquenoy of tho 
global suspension to soro i«o« uuspond the cooora quite freely in 
neutral equilibrium without elastic roBtoring forces«    Such suspension 
will be insensitive to ull angular airfrano movements«   In foot no 
rotational forces oan be transmitted to the camera from outside.   A 
self contained vortical seeking doviao must be provided on the camera, 
efficient enough to oomputisato for tho accidental foroes acting on 
the oamera« 

This plan has been adopted in an experimental suspension for an 
F.2*. oamera stabilised by moans of a heavy gyrosaopo (Viokors Mk.II 
gyroscope) oonnoctud rigidly to tho oamora.   The suspension is dosoribod 

in detail in Appendix V and tho flying tests oarriod out with it in 
para. 5.22.    It is considered that satisfactory stability oan bo obtained 
in this way«   The oontrivonco is however our&crsomQ and not suitable 

for practicable application« 

A new sohomo to carry out this plan has been suggosted by tho 
Instrument Division B.A.Z.  in which olootro-magnotio erecting torques 
cent rolled by gy'roaoopes mounted on the camera oro applied to tho 
giitfcal axes«    Application of tho space cross principlo is suggested« 

In tho devices constructed up to now care was ta'-.on-to roduoo 
tho angular movement (bout two horizontal axes Mid less attention was 
giv'.-r, to tho vortical oxln.    Thin is Justified by tho fact that tho 
iriovcment about the vortical axis './ill c&uao rotational movenont of 
the image in tho fooai plane :ü>out the prineiptil point r-s centre«    It 
will thus bo negligible in the :.dddle of the ii.tf.go rwl will incrcaso 
towards the odgos.    With the long focus lenaos -..rich :ru mainly ooiaing 
into oonalderr.tion for this type of photography, it will at tho edge. 
»carouly be greater than 1/5 of tho novarcent which would bo produced 
by tho sane angular velocity about the horizontal axis. 

With the high roquix-äfiont for iiiago stability however it -.fill 
probably bo necessary tc account l'or tho rotational Movements about 
the vertical axis as well«    This oun bo obtaineifby' suspending tho 
cAmora in a three axis v;ii:i>al.    The movuikjnt r\bout tho vortical axis 
la nooessary in any orjjo for '.and drift .adjustment.   By arranging for 
thio axis to bu gyro controlled by a direction Booking1 gyrosoopo with 
the asimuthal equilibrium position remotely controllable in relation 
to tho for« and aft axis of tho aircraft, both requirements could bo 
satisfied.   Alturor.toly tho gyro stabilisation my be replaced by drift 
adjustaunt only if vury high stability 1» not roqvdrod. 

-25- 

«..• 

V 



R.JUE. Report No. Ph.1. 

In this case suspension at tha C.G. must be rigorously aatiafiod 
and the Bass shift due to film winding has to be compensated, in order 
to avoid transformation of translations! vibration into rotational. 
It is thought however that small departures of the C.G. of the camera 
from the intersection of the glmbal axes in the vertical direction oan 
be allowed and the compensation for the mass shift made unnecessary, 
if the film spools are arranged vertically provided that the whole 
glmbal is suspended as a free pendulum sufficiently damped, as shown 
in a aohematio drawing on Pig.9. 

In this way. the accelerations acting on the cumem at its point 
of suspension in horizontal directions will be limited in magnitude 
and rate of ohango by the low natural froquonoy of the pendulum 
suspension.      It is expected that in case of a vortical o.g.  sliift of 
4he camera the small and slowly varying moments of force caused by 
swinging of the pendulum suspension oan be oomponsatud by an officiant 
gyro oontrolled erecting system. 

The translations! vertical natural frequency of the suspended 
glmbal system should be lov, enough to eliminate the high frequencies 
of the support which would be harmful to the apparatus and oould 
produce resonant vibrations of some of its parts.     Also, resonance 
of the whole suspension must bo avoided in order to keep the vortioal 
accelerations low and allow greater error in the C.G. position in 
relation to the gimbal axes.     It is considered that a natural frequency 
near 300 o.p.m. (between 200-600) with adequate damping would be 
oonveniont'and produce no oxoossivu gravity deflection. 

The advantage of this scheme of suspension (pendulum with vortical 
compliance)  1B that it oan be obtained by means of one compliant element 
only and the number of thu neoossary damping elements is also reduced. 
The compliant element can also play the part of thu pendulum hinge* 

5       Plying experiments 

5.1      Experiences and applications in war time 

During the late war reduction of thu image movement in relation 
to tha fUm vas applied with success in curtain oases.      In all these 
oases the resolution was considerably affoctud by the movement and 
tha stabilisation was limited to compensation for the progressive 
movement of the imago. 

In day photography movement compensation was applied to low 
altitude - larjje scale photography for ruconnaissanoc of landing 
beaches.      'J.S.A.A.F. used thu "Sonnc"  strip oamoru for that purpose. 
In the K.A.P. the orthodox oumora with continuously moving film and 
periodically operated shutter was used.      The movement was overoom- 
pansated and the offactive imago movemont was reduced to half its 
value.      This reduction ir. imago movement hue however produced a Very 
significant improvement in resolution and no "blurr" oould be 
observed (25). 

In night photography movement ocn^onaation was applied at 
medium and low altitudes.     At medium altitudes a relatively high 
degree of image stability was attempted In order to allow for a 
relatively lone exposure time equal to the duration of tho Ui' Mk.II pyro- 
tacmnle flash i.e. at the order of 1/15 - 1/30 BOO.     This was success- 
ful at altitudes between 7-10000' and tha results were bettor than 
those obtained with the i—rlnan 1.19b oamara with photoeleotrioally 
operated shutter.     At lower altitudes however, the shutter   oamorm 
without compensation was giving bettor results. 
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. Attempts were also mad« by reducing camera vibration and relying 
on good flying to stabilise the 'imago sufficiently to allow high 
altitude photography using long focus lenses und more powerful flashes 
with longer duration.    They vwre not successful because of insufficient 
flying stability.    The oontemplated use of automatic oontrols for 
increasing the stability was never tested adequately, but in view of 
the stability figures obtained (para.t-1) it is not expootod that this 
would be successful.    Stabilised camera mounting is roquirod to achieve 
this aim. 

At low altitudes utilising the 1j-" Vorcy flash oartridgo of shorter 
flash duration partial imago movement oomuansotion TAB appliod (over- 
compensation by 30;S) with vary good results similar as in day photo- 
graphy (26). 

Ä2     Sjnjortartrts aiming at inorouaod resolution 

Two plans for utilising imago immobilisation in order to increase 
the resolution of tho Ions-film combination in day photography waro 
tested experimentally. 

In tho first plan advantago \nn tal.on of the fast that tho imago 
stability obtained with tho gtcnbal mounting in the oase of good 
flying is signifioantly groator than that roquirod by the high speod 
film and 1/400 sec. exposure.    It is thus possible «nun compensating 
for the progressive voloaity to inoroaso the shuttor timo and to 
utilise tho increasad exposure for improving tho resolution of the lens 
film combination. 

Tho second plnn included gyroscopic aamora stabilisation about 
two horizontal oxoa. 

1*21    Compensation for forward movement 

In' order to tost tho first schema it WIE dooidod to roplaoe tho SXX 
film by an oxperimontsl fine grain film which vas available at R.A.E., 
of a graininaaa similar to Fanatomio X film and to reduce the lens 
aperture by one stop.    It was dooidod to carry out tho flying tosts 
with tho 20" Aviar and 36" T'.lophoto lansos. 

Whan oaloulating from thu resolution measurements inado by Toarlo 
(19)   (20) with thoso lonsca, tho oxpeoted gcin in moan resolution whan 
roplaoing tho SXX film with Ponatouiio X and iud>Joit»£ tho aperturo 
by one stop an increase of 355^ '•'ns prodiotcd.    A slightly smaller 
figure is obtained from Toarlo'a gontruLisud foimuia (16).    This would 
ru^uirc on increase in ojepusure timo of 6 times and thu corresponding 
allowed imago voloaity would bo 0.0050 rad/suc. with tho 20" Ions 
and 0.0030 with tho 36" lens.    This should bo Just obtainable for tho 
20" lens. 

Test with 20" luns 

Two F.52 cameras fittod with matohod 20* F/5.6 Aviar lonsos wore 
flown in a Wellington olroraft at 10,000'   and 2U> u«p.h.  ground speed. 

.     Camera A with a standard typ». 33 mounting, SXX film, Ions 
at F/8, lAOO see. shutter sotting, and a minus blue filter. 

Oamera B was on a gimbul mounting with a moving film mog.-igj no - 
loaded with fine groin film at F/11 with 1/70 sac* ihuttor setting and 
a minus blue filtor. 
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The movement during exposure in oaisera A is 0.00009 red. whloh 
equals 0.45*^ for this lens ut F/8.  Thin ooxrespondp to a reduotion 
In resolution of IpjJ for test objects at right angles to the direction 
of movement.      Thus we nay expeot that the effect of movement In 
Oanera A is negligible and the difference in resolution between the 
two cameras is due to the difference in resolution of the Ions-film 
combination. 

It was intended to photograph the test cibjeot in order to 
oompare the resolution quantitatively.      Uooause of tho formation of 
oloud in that area however only two photographs of the tost objoot 
were obtained with 2g and -s groups moro resolved on the fine grain 
negative than on tho standard.      This oorroaponda to an lmprovomont 
In resolution of 5&ti and 12j{. 

A series of photograplia of difforont objoots in other parts of 
the country have been takon, allowing qualitative comparison.     Wien 
comparing tho resolution of thu negatives obtained it has been found 
that out of the 71 pairs of negatives modu, In GO pairs, i.o. 91*5%, 
the fine grain oompensatod o.-unora nogativo was noticeably bettor than 
the standard, in '5 pairs  (Jf() no difforonce in rosolution oould bo 
found between the negatives and in 6 pairs (8.5$$) tho flno grain 
negative was noticeably worse than tho standard. 

\ 

photographs in FiRs.10 and 11 which ore 10 diam. enlargements 
from the original nugativos show tho representative improvement In 
resolution in difforont parts of tho imago field. 

Tests with 36" lonaos 

Despite the smaller ohanoo of obtaining improved rosolution 
with thu }6" lens, in view of tho high requirements for imago 
stability, tests havo boon carried out v.ith these lonses beeause of 
tholr importance for rcoonnaiasonoe photography. 

Two flights havo been mado at an altitudo of 15,000* and ground 
«peed of 210 ra.p.h. 

In both oasos camera A was on a standard' Typo 38 mounting with 
SXX film, 7/8, 1/400 000. shutter sotting, minus blue filter. 

Camera H on a girriral mounting, moving fil» magazine with fine 
grain filin F/11, 1/70 300.  shutter sotting, ninuo blue flltur. 

The movement during exposure in the standard oanura is 0.4J \^ 
at an aperture of '//A and thus oan bo oonsldored negligible. 

Illjlht on 24«,2f45 

20 photograpiu of thu H.A.Ü. test object wore obtained.      On 
the average an in»rua>iu in resolution of 0.97 groups, i.e.  255t was 
obtained.      On Fit>17A the numbor of groups resolved is plotted 
•gainst tho angular reparation from tho oosura axis.      It indloates 
that the different» in rosolution is greater in thi. ountrc than off 
axis.      This difference is partly duo to the lenses in both cameras 
being not perfectly matched.      Tho Ions in camera A was a standard 
lens and in oamera B a lona with its spherical correction improved 
by figuring.      The laboratory test (22) has shown that the figuring 
has Improved the resolution noticeably or. tho axis, the average 
rsaolntlon has not boon altered however, sa off axis tho rosolution 
la «lightly reduced.      Thu interrupted lino on Fig.17A lndioatos the 
resolution of oaaura B after tho difference in lens resolution as 
found In the laboratory tent has been subtracted.      It oan bo soon 
that after introducing this correction the rosolution is with the 
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compensation higher all ovor tho fluid by very nearly 1 
group than In tho comparison camera.      This la slightly less than 
oxpooted, uhon taking no aooount of thu irregular movoount. 

On VigtlSA the frequency distribution of tho groups rosolvud 
Ja shown,      Thu ourvo for tho oomponsatod oamora is much flattor» 
which Is duo to the groator offoot of Irregular movonunt on tho 
resolution but partly also due to tho groator resolution difforonoos 
ovor tho fiold of tho figured lens. 

Photographs in Fig. 12 show tho improvement in »solution 
obtained In thu ountro of tho fiold, and fig.13 at an anglo of 4° 
whore tho difference In performance of tho two lenses is not 
notlooablu, 

Wight on 15.UUS 

In order to obtain moro dlroot ovidonoo of tho gain duo to 
Improved lens/film resolution the tust has boon ropoatud in tho sane 
conditions na before with the exception that tho magazines v»ro 
exchanged on the cameras during thö flight after several runs to 
olliln .tc   the effect of differonoos in resolution of tho lenses. 

A third camera './as also oarriud with fine groin film and 
movement compensation, oxaotly as camera B with the oxooption that 
it was mounted on a standard mounting instead of on a gymbal mounting 
in ordor to shot/ the uffuot of vibration.      Thu tost v/aa a failure 
however and on thu 27 test photographs reoordod on tho average tho 
resolution with stabilised ooiuurcs with fine grain film is 0.2 groups 
worse than in the standard camera.       On several photographs tho 
resolution on the oompunsatod cameras in fror: 2-2£ groups higher 
than on thu standard.      On the majority of thum however, tho offoot 
ot movemunt in Irregular directions is noticeable, which makes tho 
avoragu result loi/or than in the standard enmura. 

This soattor of rusults is shown on the 17B and 18R. 

It la thoughtthat this failure was duo to unsatisfactory flying 
and In particular that thu turn in v.as madu too near thu target and 
therefore thu aircraft was not suffioiontly steady ovor the target. 

The flight was not repented because 
film vas exhausted. 

pisousalon of thu rusults 

thu supply of fine grain 

In order to Vind tho opinion of interpreters on tho value of 
tho improvement in resolution obtained in these tests a sot of 9 
pairs of prints obtained in thu tost with 20" lonsoo (5 pairs) and 
3<>" loneoe from flight on 24.2.V5 (4- pairs) chosen at random have 
been submitted to third phase Interpretern,      Thu prints have boon 
«•sussed by 8 interpreters and In 8754 of thu oasos tho print from 
the fine grain ocnpensr.tod negative was preferred. 

Thusu results oonfir:. ir broad linos the conclusions arrived 
at on a theoretical basis.      An improveront in definition slightly 
smaller than predicted has aoun obtained.      Thu rusults however 
depend very muoh or. the stomline.«» of flyir;,; and it i-, not considered 
that tho technique oculd be used with adva>it^ge in operational 
conditions In thu way it jus been tested. 

It la ©oriRiuriud' houuvur en tho bjsi.-  •>? theno results that if 
movement acmpens: t.Ion i« usud a moderate improvement in resolution 
oould be obtain-d r.t rjLl altitudes by increasing the exposure tin.- to 

- rs - 



\ 
•»«R? 

i f 

R.A-8. Beport Ho. th.1. 

1/150 seo. and roplaolng tho Standard Panchromatic film with & f ino 
grain film of correspondingly lower speed- without changing the 
lens aperture at present in use.      Supposing the shutter time la 
use at present to be 1/400 sec.  an increase in resolution by 
approximately 15Jt oould be obtained.      This improvement 'is not 
significant but it should be kept in mind that it is comparable 
with the effect obtainable by trebling the film speed without 
ohanging its graininess or reducing the film graininess correspondingly 
without ohanging its spaed.      In actual effect it will be greater 
beoause the effioienoy of the shutters improves with the increased 
shutter time.      Per example whon trebling the blind width the 
effective exposure is trebled but the effective shutter - open time 
as it affects the movement will be increased by a factor smaller 
than 3. 

It is thought that thir. improvement la one of the arguments 
Justifying the recommendation of image movement compensation as a 
feature of the standard aerial camera. 

The further, more important arguments in favour of this 
reoommandation are:» 

1«        A great range of altitudes at which the effect of movement 
direotly affeots the resolution and therefore tho gain is 
greater than that duo only to improved lens/film porforioanoo. 
Ails rango is increasing in proportion to the inoroase of 
aircraft velocity. 

2.        Iha Introduction of movomont compensation does not oomplioate 
the normal technique of air photogaophy as tho movement 
oomponsation moohonisir. vd.ll take oare of tho timing of camera 
cycles thus replacing the separate timing oontrol. 

is shown in pora.3.1 the accuracy of oomponsation nuoossary 
la Most oasos of high altitude photography oven when tho ahuttor 
tlao la increased will bo small enough to mako it easy in application. 
la a rule it will not bo greater than the accuracy of timing required 
to obtain the correct overlap. 

5t2£   Gyro stabilisation and movement compensation 

A gyro stabilised moiyit^ng for the F. 24 oamora described In 
Appendix V wan constructed .jui ground tested by the author in the 
Kodak Research Laboratory at Harrow at the end of 1941.      Karly in 
1942 it was brought to '.uJu I.  for air tests.      There -.;ero soveral 
difficult ios  in oarr/in,; out th<   teat.      Later it was decided that 
no adequate development arj production oapaoity was available at 
that time for the rather complicated project.      Further testa on 
gyro stabilisation ware postponed and the offort directed to the 
application of image rmvoimnt compensation in night photography In 
unstabilisod oanerns. 

Slnoo tho cessation of hostilities tho work on this problem 
has been resumed and tho experimental mounting air tostod. 

aiorofilo film has been used In the air tost with tho 8" 1/2.9 
rentao lens stopped to l/B with minus blue filter and shutter time 
0.09 1 

A standard F.52 camera fitted with 20* ?/5.6 Aviar lorn stopped 
to V/11 with minus bins filter and 1/400 seo. shutter sotting and 
standard pauahromatio film was used as comparison. 

The test« ware carried out in a Wollington alreraft at 10,000' 
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altitude and 190 m.p.h. ground speed. 

The angular renolutlon on the axis of the 8" Pentad »t i'/B 
with lUorofile film is «ooording to Tearla (18).      13.400 linas/rad. 
(average for the three lenses investigated)  and that of 20" Aviar 
at P/11 with SMC film is 91*00.      Therefore considerably higher 
resolution should he expected with the stabilised camera.      In a 
resolution test of the Pentao lens used in the experiment only en 
angular resolution of 9200 linea/rad. was obtained on the axis.      No 
further investigation has been node Into thin discrepancy.      It does 
not seem to be outside tho probable margin of differences for 
different lenses of tho sans typo as  indioated by Tearle's rusults (18). 

Only one suooessful flight has been Dado with the camera. 
Further testa had to bo postponed beoauso of unfavourable winter 
illumination and weather conditions.      Of the resulting negatives 
45)t «ere uns harp becauno of aovomunt, 28J5 shew alight effoot of 

ent and 279? are luito satisfactory. 

Enlargement? Pig.14 and 15 show the results obtained on the 
•harp negatives.      Tho Mioroflie negatives are enlarged 20 diameters 
and the negatives on SXX film 8 diam. so that thoy are brought to 
the same scale.      Fig, 16"shows a negative obtained with 8" lens and 
SXX film taken in similar conditions with 1/400 soo.  at f/11  and 
enlarged 20 dian.      Uhon oomparod with 14A and 15A it nhovra the 
difference due to the use of finu ijrain film and stabilisation.      Tho 
comparison of prints i''ig.1t and Ig A and E obtainod \rith lonses of 
different fooal length rovoals practically the same ground resolution. 
Tho Kiorofllo print appears slightly loss sharp at first sight but 
this is usual when comparing t\/o prints of the same resolution and 
different groininess.      The actual resolution of high contrast detail 
la the sane on both prints.      In the low contrast detail the fine 
grain print shown a noticeable advantage, e.g.  in tho pattern of the 
framework on the roof of the shod on Fig. 15- or the pattern of the 
tree-orowns and detail on tho ground on lig.14 markod by oirolua. 
This is in agrooment with the ol'feot of graininoss on resolution of low 
oontrsst detail observed in an. earlier work (27). 

, The small proportion of sharp negatives obtained in this test Is 
probably duo to tho movement compensation arrangomont not being very 
satisfactory and it is expected that with more experience in handling 
the oamera in the air a bettor result could be achieved.      It Is 
thought, however, that tho results obtained Justify further work 
along these linos and tho development of a ntabillswl mounting 
capable of carrying a camera fitted with a Ion? focus lens. 

5.3      Utilisation of the High Rosolutlon Negative 

Tho results of this tust arc bringing Into light another 
problem connected with Increasing rosolutlon by means of imago 
stabilisation, tho problem of utilisation of the high definition 
negative. 

Tho onlargomonts Pig.14 and 15 »ere made by means of a 2" J/3.5 
Umer lore stopped to JF/1E.      No significant loss of detail is 
notleoaUu ^non comparing the enlargements with the original negative. 
This is obtained, however, only by very careful work and it Is 
expected that the difficulties would be rauch greater if enlargements 
of greater areas are taken into account requiring longer fooal length 
lenses for enlarging.      Also enlarging of all negatives would require 
vary largo quantities of photographic paper and skilful work and the 
efficiency of thu process 1« stall.      It is thus essential that tho 
photoavapha should bu interpreted from oontaot prints  as usual at 
present. 
• Toguth«r with"?!»»'. 25 *"ST« 
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It Im» boon found, however, that tho resolving power of tho 
standard Sarrias bromide papers on tho usual baso in not adequate 
to. roproduoo the imago of these very sharp negatives and a very 
significant loss of detail is noticeable on the oontaot prints. 
Still worse results are obtained on the waterproof base. 

Satisfactory prints oould be obtained on Kodak Maximum 
Revolution plates.      It is probably not necessary to use suoh an 
extreme resolution emulsion to obtain adequate reproduction of the 
nsgativo detail and the development of satisfactory positive material 
should not present vary groat difficulties. 

X. further problem however, arises in viewing the prints.     A 
magnification of 15 - 20X Is nooessary to allow convenient observation 
of image detail.      This requires a. completely novel design of 
interpreting and steroo viewing oquipmont. 

6 ConolusJons 

6.1 Tho image moveroont which can bo tolerated during exposure with- 
out affecting significantly tho resolution is approximately 0.6 of 
the tost magnitude resolved by tho lens film combination In tho stationary imago.   . 

6.2 It is estimated that the offoot of camera vibration and airoraft 
instability on the resolution of aerial photographs is negligible in 
the prosont technique of day photography.      This is in agreomont with 
practical experience      It i» oxpootcd, however, that a furthor 
increase in angular resolution of 30J{ or mom obtained, e.g. by 
increasing the focal length of tho lens would moke the adverse offuot 
of these movements notiooablo.      This would make nooessary a 
reduction in irregular aircraft movement and vibration or, alternatively, 
a reduction in shutter time.      In night photography with pyrotoohnio 
flashes tho of foot of those movements  is aignif leant in many oasos. 

6.3     The offoot of forward movement of the airoraft is significant 
In a great range of altitudes find overrides that of the irregular 
movement and vibration.      It is estimated that in day photography 
with tho now type of }6" Ions and 500 m.p.h.  ground speed the effoot 
of movement with 1/400 ,iuo. exposure will bo still noticeable at an 
altitude of 43000' and .-luverc it 22000'.      This applies to tho 
perfect stabilised mounting.      !Vith the presence of vibration and 
Irregular movement these altitudes will be still grc.itor bcoauso of 
tho additive offect of movements.      In all applications of night 
photography with pyrotoohnio flnnhus the adverse effoot of imago 
movement on resolution is significant. 

6.4     It is thus oonoludud that in day photography thu effoot of 
movement oan bo eliminated oomplotoly by image movement compensation 
without the need to modify tho mountings and the shutter time of 
1/400 soo.  at prosont in use.      Tho sane still applies to 1/300 sec. exposure time. 

6.5     It is estimated that in night photography with 12" F/2.5 or 
shorter focal length lonsos and shutter times of 1/50 soo. or shorter 
the offoot of movement oan bo eliminated oomplotoly and tho resolu- 
tion of the Ions fUc combination obtained by moans of image movement 
compensation.      Far longer exposure times and lens film combinations 
at higher resolution, roduotiön of tho irregular movement and 
vibration in addition to the compensation booonos nooessary. 

The reduction of irregular movement and vibration by moans of a 
stabilised mounting and movement oompensatlon is tho condition for 
obtaining satisfactory ground resolution in high altitude night 
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photography with long focus Ion BOS employing tho "open plato" taohniquo 
and utilising tho full light output of powerful pyrotechnic flashes 
of relatively long duration. 

6,6     When tho immobility of tho optical imu'o in relation to the film 
la increased, tho resolution of tho photographs oan be improved by 
introducing fine grain film.    By compensating for tho forward volooity 
and improving tho camera mounting, an improvement of approximately 
Z^J oan be obtained in this way.    Tho results, however, dopend largely ' 
upon tho sto&diness of flying.    By means of full stabilisation of tho 
optioal image, i.o. by moans of or. offiolont stabilised anti-vibration 
oomora mounting in conjunction with compensation for forward movement, 
doubling of the resolution is practicable.    This is a gain of tho sous 
ordor as has boon obto.ir.od during this vor by inoroasing tho fooal 
length of tho lonsos.    It sorrosponds to an inoroasc of tho fooal 
length by a factor of four. 

6«7      If the irregular movcuonts are negligible, the accuracy in com- 
pensation for forward velocity required in order to obtain tho full 
rosolution of the Ions film combination, may bo expressed as a 
percentage of tho volooity.    It is equal to 100 x 0.6 of tho magnitudo 
of ground detail resolved by tho stationary Ions, divided by tho 
distance travelled by the aircraft during tho exposure time»    It is 
thus in tho first approximation inversely proportional to tho image 
aoale, aircraft speed and shutter tima. 

6.8 Tho aoouraoy of methods of imaco raovomont compensation by moving 
.the film or lens, or by rotating a glass plate arranged between tho 
lens and film, or by rocking tho oomora is adäquate for most purposes 
when using narrow angle lenses.    For wido anglo lonsos the errors 
baoome exoossivo and only tho methods of moving tho film or tho lens 
are satisfactory. 

6.9 The aoouruoy in estimation of tho velocity of image movomont 
compensation from tho information given by the navigational instruments 
la adequate for most purposes.    At low altitudes the uso of a radio 
altimeter is proforablo.    Higher aoouraoy required if gyro stabilised 
mountings are used can bo obtained with the sighting Method and also 
may bo axpeotod from tho scanning method, 

• 
6.10 Tho resolution obtainable in the stabilised aerial camera on 
fine grain film is higher than tho rosolution of printing papers at 
present in use.    Also the magnifiontion of tho optical applianoos used 
for viewing and interpretation of aerial photographs is not odoquato 
to roaolvo all the  detail of auch negatives. 

7        Kooonnundationo 

7.1 Tho introduction of a camera with image movement compensation 
and cutomatio overlap control r.a a atandard camora for raooimaiseanoo 
photography for use with tho standard panchromatic film and short 
shutter times, is rooomnondod.    Tho moving film oomora is suggested. 
Tho uso of the oomora in tho stabilised mounting with long duration 
exposures should bo allowed for in tho design. 

7.2 The development of a stabilised anti-vibration camera mounting 
for day and night photography with long exposure times is roaoramondod. 
Tho mounting should bo capable of carrying a camera fitted with 36" 
Tolephoto Ions.    The prinalplo of global mounting without olaatio or 
gravitational erection foroos, with gyro controlled camera altitude, 
la suggested in oonjunotion with a pendulum typo onti vibration 
mounting. 
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7.3 Research «id development on a photoelectric scanning device for 
low, medium and high altitudes for automatic control of movement 001.1- 
pensation is reoomnended. 

7.14-     Further research on the effect of image mova.ient on resolution 
is recommended.    Extension of measurements to a greater number of lenses 
and films of different graininess is suggested. 

7>5     The development of negative and positive fine grain materials 
for use with the stabilised camera in day photography is recommended.. 

7*6     The development of a magnifier and ntoroosoopo for viewing the 
high resolution photographs i» recommended. 
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Airoondix I 

Mooauronent of irregular ilrcrift movement. 

A short acoount of tho nothod of measuring tho aircraft 
stability by recording tho light tracks in a camera oarriod in the 
aircraft, in givon as wall as tho obtained results.      lioro details 
arc found in (2). 

The tracks -.aero obtained in Wellington and' ltbaquito aircraft 
flown at night in smooth wither over a flashing light.      Tho light 
flashing at a frequency of 35 c.p.s. was obtained by rotating a 
a CM tor disc above a steady light.       The oasura was    flown over the 
flashing light with tho shutter open and tho film was wound over 
after oaoh run.      The :.uaourements  Include 29 runs over tho target 
made in 6 flights by four different pilots.      2 run» were modo with 
a lie.IV Automatic Pilot.      Tho total duration of the analysed flight 
is 7 minutos. 

The oo-ordinates of every tonth spot varo measured with a 
travelling mlorosoope with tho x-axis parallel to the fore and aft 
aircraft uxia. 

The moon x and v_ displacement corresponding to tho forward JLron.it 
movement and to tho drift velocity rospeativoly, was subtracted frou 
the individual displacements and in this way the ox and öy duo to 
irregular movements wore obtained. 

Those displacements ore duo to tho camera vibration and 
irregular movements of tho aircraft.       The oumcra vibrations are of 
relatively high frequency oc compared with the aircraft movoi.onts. 
In order to eliminate their effect tho dispxrjcervnt values  are 
plotted against time and the smoothed curves of the slov: notion 
drawn.       Fro,-., these curves are read the ox and oy disol.icor.unts du.: 
to aircraft novements only. 

Tho fore-aft and athwartship components were then added 
geometrically and tho magnitude of the vector of the resulting 
novomont ooloulatod. 

Ö   = /(6x)2 •  jjy)2 

This 'displacement represents the sum effect of the roll, 
pitch and yaw nove:unt of the   .iror-ift.      Supposing there was no y-iw 
the   ingulor volocity of rot-it ion about a horizontal axis resulting 
from the pitoh and roll movetunt wruld be for small ijiago angler. 
_- where t is the period of Hashing and F the fooal length of tho 

lens.       If there was no pitch and roll, the angular velooity of yaw 

would be 77 «here t   L-.  thu.distonoe of the rooordod r.pot from the 
principal point of .the photograph.      .The uj-e: value of £ In the 
described oxpori-um was 1.'/ . ' >", 1V and in few 
Caaos  20".      Thus at least 5 ti..ies Ha gj- locity as oo> pared 

h roll or pitoh is necessary to produou trie sou. ^ value. fror. 
tho aircraft stability uoosurouents ocdo fcy :uans of the gyroscopic 
reoordor it la known that tho roll, pitoh and y m .ovoiunts  are of 

iljr- order.      Thla ijean.-. that tho yaw Dovouent  iii only ruaponsibU. 
lor tho novumonts ruoordod In tho camera to a relatively arall extent, 
t was therefore thought justifiable to express the   ucsurod irrogulj 

aircraft novoionta OB pitoh and roU tovuiunt only and in order tc 
iiiplify the rotation to calculate tho angular velooity fror, tho fonvlr. 

•*w 
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•* 
radlan/soo. 

In order to oaloulato tho noon volooity fror, thoso varying 
: OVJI unts MO oust f irot know the function in which the roan values 
haw to DU applied.      In this aeso this in tho photographic rosolutlon 
as a function of tho inogo oovaront.      The disoussion of experimental 
results para.}.2 loads to the conclusion that this function has a 
oonoavo shape and is reasonably vjoll approximated by a quadratic 
function»      The R.I..S. velocity values should thus be usod.      AB in 
previous reports tho ruan voloaitiua BOT quotod, the neon and R.   .". 
velocities \/uro aaloulatod and are sho\.n in Triblo I.       Tho uszluin 
volooity found in the last OOIUL» has boon obtained by ooloulating 
tho roan of tho 10jb highest volooitius rooorded during the run. 

Toblu IV 

Angular volooitios of image uovoijunt in aerial 
ooixira duo to irregular airaruit tcveucnt 

0,* a red./sec       6»   / (bx)d + (öy)2 

Exp. Airoraft Altitude 
foot 

liun dur. 
.i   .' .r':'l P 6i 

R.H.S. Max. 
MOO. inch xad/soo rod/sec r   ,   -•• 

1 Wellington 10,000' 9.0 14" 0.0020 . 0.0042 )Auto- 
) rooties 2 • 11 10.0 B 0.0027 0.0032 0.0050 

3 H 1* i::.o • 0.0094 0.0109 0.0170 .   tf.'r-i 
4 H X 14.0 M 0.0014 O.OOI6 0.0030 n 

5 " 11,000' • . 

n 0.0015 0.0018 0.0035 • 
6 It 10,100' 14.3 • 0.0029 0.0032 0.0OV5 H 

7 • 10,000' 14.3 n 0.0039 0.0046 0.0173 11 

8 1« 10,100' 17.7 H 0.0042 O.OO49 0.0070 • 

9 W 10,200' 15.0 ti 0.0090 0.0105 0.0210 It 

10 • 10,000' 17.0 • 0.0170 0.0203 0.0320 11 

11 • 10,100" 14.0 • 0.0074 0.0087 0.0160 H 

12 It 10,000' 15.0 M 0.0090 0.0103 0.0165 It 

13 It 10,000' 14.0 • O.OO56 .     • • 0.0120 H 

14 II 10,100' 13.0 M 0.0075 0.0081 0.0115 n 

15 It 9,800' 18.0 M 0.0082 0.0088 O.O170 H 

16 It 10,000' 16.0 It O.OO67 O.OO78 0.009 11 

17 It 10,000' 13.0 « 0.0048 O.OO56 0.011 n 

18 It 9,900' 13.0 • 0.0074 0.0O87 0.014 11 

19 It 10,000' 11.0 m 0.0102 0.011? 0.0175 H 

20 II 10,000' 12.0 M 0.0044 0.U051 0.0090 It 

21 Mosquito 10,100' 7.2 20* 0.00;55 . 0.0075 • 
22 H 14,100' 10.0 • 0.0042 O.OO52 0.0100 n 

23 N 10,000' 17.0 10" 0.0040 0.0047 0.0125 n 

24 It 10.M»' 12.0 • 0.0071 O.O0Ö3 0.0170 n 

25 N • .     • 18.0 H 0.0040 0.0047 0.0100 it 

26 It 10.1X' 14.0 ft 0.0031* 0.0040 . tt 

27 It 12,200' 18.0 II 0.001*2 c.004'; 0.0120 it 

20 H 14,100' 17.0 M 0.0049 0.0057 0.0100 n 

29 • 13,000« 22.0 N 0.0035 0.0045 0.0155 n 

• . 0.0083 

ajprttonDn 
previously using tho •BSD authod (2).      Tho roan angular volooity 
obtained In tho runs 1 and 2 aado with automatic pilot (Mk.IV) is 
0,0023 rad./soo. and tho a. «p. is 0.0028 rad./soo. 
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Buna 3-20 with manual oontral voro r.iado by throe difforont 
pilots and oan bo oonaiderad as examples of average straight and 
level flying in good weather aonditiona.      Tho mean angular volooity 
obtained in these runs 1B 0.0062 rad./sec.  and the corresponding 
K.M.S.  velocity la 0.0092 rad./sec.      The corresponding maxima 
velooities for individual runs osoillate between values of 0,00.!0 - 
0.032    rad./nea. 

The runs 21-29 «ere mado in Mosquito airoraft by one pilot, who 
was trying to fly tho airoraft as steadily as possible.      The pilot 
was not experienced in this typo of flying and this was his second 
attempt, the first being a failure.      The resulting moan angular 
volooity la 0.0043 rad./soo. and the ;l.h*S. volooity is 0.0052 
rad./spo.      The obtained steadiness is fairly consistent in all 
those runs and the maximum velocities vary between 0.0070 - 0.0155 
rad./seo. 

The mean angular volooity obtained for all tho runs is 0.0058 
.and the R.M.S. velocity is 0.0083 rad./soc. 

A few figures on the steadiness in actual photographic 
reoonnalssanoe flights in Mosquito airoraft ovor enemy territory at 
night ware obtained from tho analysis of photographs reported in (3) 

• page 9.      Tho angular velocities oaloulated from tho figures given 
in that note arc shown in Table V.      There was somo ovidenoo that tho 
very high value of movement in Exp. No.4 is due to the aircraft 
assuming a horizontal position after a bonked turn at tho beginning 
of the sarios of oxposuros. 

Table V 

Angular volooity of imago movement In an aerial 
oanora duo to irregular aiaoraft    movement In 

Sorvioo conditions.      Mosquito airoraft - night 
photography. 

P''«W| 

Exp. Ho. Altitude B^ rad./sec. 

1 10,000 0.0064 
2 II 0.0002 
3 7,000 0.0130 
4 N 0.0650 ' 
5 If 0.0097 
6 » 0.0069 
7 n 0.0160 

Omitting thin figure the mean angular volooity for tho remaining 
6 observations is O.OOflC rad./nco.   und the corresponding H.K.S. value' 
Is O.OIO9 rad./seo.      The figures Riven in Table TV reprosont tho 
offeot of pitch roll and yaw of the aircraft, the figures in Table V 
Include drift and errors in estimation of altitude and ground spued 
as veil as errors of tho caiaoru meohanism.      These figures are 
obtained fron measurements isado over relatively long timu intervals 
of tho ordor of 10 seconds.      Therefore tho figure.i obtained aro 
rather low and should bo oonaidored only is n very rough confirmation 
of tho results oontainud in Table IV. 

.$0. 
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Rotating Glass Plate - Error in Compensation. 

Consider a pencil of light In a plane perpendicular to the 
axle of rotation of the glass plate of thickness j> and «fraction 
index«..      Prom the diagram fig. 17 it follows! 

sin a t ß _ 
sinT 

sin f(«+ß) -Y]—L- 
<• ' ooaa 

P /02 -sin5^«  +p) 

considering a D oonstsnt and differentiating with respect to (a + ß) 
we find 

® oo« («• ß) -1 leoa 2 & * & * üt fe * e)X) ?_E_ 
d (> 

ß  nuat always be near sero faeaause a glass plate inolined at a 
oonslderable angle to the Ions axis introduces astigmatic aborration. 

On the axis a = 0, ß = 0 

33 
d(a + ß) -(Wj 

Supposing the angular vwlooity of the plate adjated so as to 
obtain the correct compensation on the axi3 wu find for any value of a 
the error In compensation oxprussod in ji of tho unoompensatod velooity. 

V 
- 1      (JI_ 1) cos a (j£ _ sin'^ijVz 

.   100 (10) 

In Fig. 7 tho errors are plotted an functions of a (tho angular 
separation from tho optical axis) for  u * 1.52 (full line). 

-41 - 

"*«*. 
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' jpyondlxIH 

Boofctng Camera - Error In Conponsation. 

Supposo Ij to bo tho Ions of a Oamora oarriad in tho airoraft 
and P a point on the ground and £ its Imago in tho oanora, shown in 
tl» diagram on fig. 20 in throo projootions.      0 and o roprosont tho 
traoos of tho camera axis in tho ground piano and imago plane 
respectively. 

Tho oamora is rotating about a horizontal axis A-A p-oairn; through 
the lens perpondioularly to tho flight dirootion in suoh a way that 
£ does not move with repoot to the ground.      Thu third projection 
marked "'  is in a piano parallol to thu axis of rotation and tho 
line P - p.      We oonsldor 0 on tho ground and its imago in the oanora 
as origins of two oo-ordinatc aystose  in tho ground plane and tho 
image plane.      The traoos cf a plane pnsning through 0 and o parallol 
to tho linu of flight in tho ground piano and tho image piano 
respuotivoly oro tho X oxua of tho two oo-ordinuto systems. 

In tho trianglo 0" L" P" 

X      _ 
Bind 

H BOO a 
oos (a + n) 

If soo a sin II a X (oos a   ooa 0 
throughout by oos tl and rearranging 

sin«  sin tl) dividing 

tann x oos a 
H auo a  + X sin a 

_      « * _ n I X ooo a  X a f tan w a ————saa—»——M 
H auo a + X sin a 

/ v /    sine. _ , sin a(H soo a + X sin a) + oos a(H       g   a + X ooa a) 
** • - P X . •» 

(II aooa  + X sin a)z da 

Supposing   a    0 

and 

a* *        X2 
— • - F — 
da „2 

dt "      H 

«hero TA la the ground epoud of tho airoraft 

*Ux*2!m££ 
at H   H2 

Iron the diagreo wo find 

  y a y'•• = ? soo n• tan Y 

tan Y - Y« • «/fL" a 1 gg  . 
H2 +  (X • H tan a)2 

-14 - 
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(Html • X) aoo2g H 

*/< &a FI 
/H2 j C 'X + H tan« 

H2 + (X + H tan «)< 

v2T«2- 
• --»0 

*/< 
FTfVA x 

da + X' 

*/« -» 
P Y X VA 

H (H2 • X2) 

"    <i)2 - (*)2 • (fr)2 

vhera (i) In tho scalar voloolty of tha Image p 

<Sl      »vAi   '£       X2 Y2 

Thos tho arror In condensation expressed as a percentage 
umoapenaatod angular Telocity is 

100 /— + 
,4^      jgY' 2 v2 

2 . «2N2 I*      (X2 + HZ) 

'I 

(11) 
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Append!« pf 

Image movement In a tlltod oamara. 

In ordor to oaloulato the man velooity of Imago movemant and 
t» show the magnitude of errors Involved two apooial oasos are 
discussed.    Difigran Pig.21. 

•  Sonsider the camera 0 in the aircraft tilted at an angle a 
to the vortical about the Transverse axis (fore and aft tut)  and a. 
point A or A' on tho ground lying In the vertical piano passing 
through tho lens parallel to the line of flight.      Assume tho 
sighting angle of A, or A1 from the airornft to bo a + ß or a - ß to 
tho vertical.      The image angle to tho oomcra axis is then +ß or -ß 

Prom geomotrloal consideration wc find the velooity of movomont 
of the Image of A or A* in tho fooal piano of the camera for foro and 
aft tUt 

" oouz ß 
oosz (a  * ß) 

ooo2 ß 
(12) 

r 

r. 

where VT is the velooity in tho vortical camera. 

The imago movomont of points not lying in tho plane passing 
through tho Ions parallel to tho lino of flight will not bo parallel 
to tho intersootion of tho said piano with tho fooal plane.      Tho 
above formula uxpronson tho oomponcnt of tho movomont parallel to this 
intersootion.      Tho angle ß is than raiasurod In projection on that 
piano. 

In a similar way wo find    for a canora tilted about tho axis 
parallel to tho lino of flight (sideways tilt) the velooity of Imago 
movement is 

oos (a + ß) .    . 
V, = Vv      -• (13) n       v       oos ß 

This formula i-i valid for till points of thu imago supposing ß 
measured in projection on a plsnu perpendicular to tho axis of tilt. 

The imago velooity in thu fooal pl-ine viiric.-. \:ith tho angular 
•operation from tho axis as» n non-line >r function which is not 
aymnetrloal with respect to th.. principal point cf tho photograph. 

Tho velooity of compensation -..t.loh will produce equal errors 
In oomponsation for +ß and -ß for a given  Ißl  (e.g.  on imago o.lgoo) 
Is for fore and aft tilt. 

Vf (moon)  « 

. for sideways tilt 

„    ,    coaz (a 
V OOB^ß 

p) ooa2  («   - 

oos^p 
ii 

V, (auan) - VT ¥   oos (a + p)     cos (a - t») 
oosß oosß 

(14) 

(15) 

l*.- 
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Thoao correction factors for tilt by •./hich the image velocity 
calculated for the vertical cnuora has to bo Multiplied are very near 
cos a and cosa.    On Fig.22 the correction footers for fore s.t't tilt 
calculated froa (1J>) are plottod against tilt angles for an F.52 
camera fitted with }6" ß    • 5° JO' lens and an F.2t camera vith 8" 
Ions    ß m 17° 30'  supposing equal errors at the edges.    On the sane 
graph tho differences between linage velocity at tho odgo and raoon 
condensation velocity oxpresred as fraction of Vf i.ioon,  i.e. tho 
orrors in compensation are plottod.   Tho sideways component of the 
uovoriont has not been taken into ocoount and the figures apply to tho 
middle points of edgos of tho camera field. 

Fig.25 shows in similar way the oorrootion factors and ruuduun 
errors, for sideways tilt. 

W 
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Construction and Ground Tosta of a ; 
ESgBrmfiBtt tfontlnfr 

Iba design and construction of this experimental mounting «as 
undertaken oarly In 1%.1 in order to obtain oxporionoo on stabilisation 
of the optical linage In the aerial camera and confirm experimentally 
the expeoted gain In resolution. 

The plan adopted wan the rigorous fulfilment of the principle 
Of suspension at tho CO. with the smallost possible frlotlon without 
elastic or gravitational restoring force and stabilising tho direotion 
of the oamtira axis in space by rigid connection with a gyrosoopo 
spinning about a vertical axis« 

Tho oomponsation for forward movemont was obtained by rooking 

the oamara. 
Tho experimental susponsion was designed for tho.F«2if oamara 

and Is shown on f ige. 21* and 25.      Tho author was at that time with 
Messrs. Kodak at Harrow.      An P.24 oamara with 8" Pontao f/2.9 was 
lent by :i.A.S. and a Victors Vik.II    gyrosoopo was obtained on loan 
from tho Admiralty.      Thu oamora and tho gyrosoopo arc mounted on 
an H shaped steel tubing frame (1) suspondod by i.wans of a small ball 
raoo global (k)*      Vho whole is oarofully balanced by no ana of throo 
weight« (5)  (6) and thu third .«eight moving inside thu tube by moans 
of tho sorow (7).      The \wight  (5)  Is calculated in such a way that 
shifting it for onu turn oomponsatos tho O.G. shift due to rewinding 

of onu frame of filu. 
Tho gyroscope has  n radius of gyration of 2.21" and 5T 

1B
«  mosB. 

It is A.C. driven and spinning at a rato of 19,000 r.p.m.      It has 
boen mounted in an evacuated sphere in order to roduoo tho drag. 
This has allowed the gyrosoopc to bo driven by a Brown Compass 
rotary oonvertor driven by 50V . 3.0. supplied from accumulator battory. 
No vortical seeking duvico was provided and the oamara woe maintained 
in tho desired attitude by applying manually tho noocssary torque. 

This size of gyrosoopo was found adequate to obtain satisfactory 
stability of the suspended omaoro. even in oar.»; of small inaoouraoios 
in C.G. balanou.      It was found at first, ho.''.vor, that duo to tho 
gruajt Inertia of tho oanura oonnuotud rigidly -./ith the gyroscope 
there was a tendunoy for circular vibrations to ooour in which the 
vertical axis of tho system vj describing  \ cone with the apex at 
tho O.C      Tho vibrations ore very oor.ily uxoitod, e.g. by tho rooking 
movemont of tho oamara, and tafcu sovurol seconds to dio out.      This 
«as eliminated by mounting the gyrc3copu froely about onu of its 
horizontal axes, with Duplication of viscous damping.      This was 
obtained by muans of the two soft rubber bushings  (8)  and the 
sytphonu bellow (;),      Thu suspension on rubber bushings  insulates 
the earnera from gyrosoopc vibration. 

Tho oamara is  arranged to rock on tho pivots  (10) about the 
horiaontal axis passing through its O.G., so that this movement does 
not upset tho balanou of thu whole mounting.      Tho position of tho 
oamora is adjustable with relation to tho rooking axis to allow tho 
fulfllaent of this condition for lenses of different fooal length. 
The rooking movonont Is obtained by roans of a oar- mohanlsm driven 
by a scall D.C, motor controlled by a potontiomntor.      The motor and 
warm gear is oovurod by (11).     The oam (12) Is shaped so «s to 
provide thu oorroot oomponsation novosnnt (d tona/d t s constant) for 

-u6- 
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2/) of the oam rotation.      The return movement la with oonstant 
acceleration the sign ohanging on half «ay. 

The «hole frame Is rotatable on the short shaft (13)  In 
relation to the global about the vertical axis In order to take 
amount of the wind drift of the alroraft, and oan be olamped by 
•tans of the nut (14). 

A low power sighting telesoope (jx) with a graticule and a 
deflecting mirror allowing convenient head attitude is fixed parallel' 
to the oanera axis (15).      The exit pupil of the tolesoope la 
arranged 1?" outside tho eyepiece lens in order to avoid touching 
the oamsra when using tho sight. 

The compensation device is operatod by adjusting the motor 
speed and tho drift annl« until immobility of image In the sight 
during tho compensation stroke la obtained. 

The camera shutter is modlfled by enlarging the slit width and 
Blowing down tho movement of tho blind by means of an air vane 
meohanism. 

In the first version of tho mounting the supporting bars (15) 
were muoh longer and rested on soft sponge rubber oushlons in order 
to reduce the effbot of airfrtune vibration.      Vfhen testing the 
suspension on a vibrating frame noticeable rotational vibration of 
the oamora oould be deteotod.      This was not oxpeotod in view of tho 
suspension In the C.tt,  of tho system and is probably duo to 
insufficient rigidity nf the whole structure.      This causes elastic 
deformations in tho structure due to translation»! accelerations 
resulting in rotational uovununts of components.      Also some rcsonanoo 
in frequencies about 2800 a.p.m. was noticed. 

To obviate this thu lino of more perfect insulation from 
airframe vibration woa adopted.      The sponge rubber oushlons wero 
replaced by rubber oords  (17) with hydraulic dampors  (18). 
Satisfactory results wore obtained. 

Ground teste of resolution were carried out with the aim of 
ohooking the effect of vibration oaun'id by the gyroscope and the 
shutter action on the resolution a» well an efficiency of co-ordination 
of compensation movement of t)iu oamora with the ground movement. 
Cho oamora was suspended An tho mounting-, 15'  above the test, object. 
Microfile fine grain film was used with Cobb test objoota of 0./.   and 
1.6 density .lifforunoo. 

No uffeot of vibration oauned by the gyrosoopo on tho 
resolution oould be noticed, 

Tho effect of vibration caused by shutter action was tested 
by making the exposure by means of a lens cap without touching tho 
lent and by moans of the shutter.      With the shutter set for 0.05 
seo.      and electrically released tho resolution was consistently 
rodjoed by 10 - £5?fc      The shutter sooubd to work extremely scioothly 
but the action of tho releasing solenoid causes a shook which la 
reoorded on fig,2ö.      This- record has been obtained by photographing 
a stationary point light source with the rocking oamora with shutter 
blind removed. 

when tho shuttor has boon adjusted for an exposure time of 0*09 
BOO. by modifying the gearing the offeot disappeared oomplutuly. 
Ho further investigation into this offoot has boon made and tho 
•lover shutter sotting was used for further tests. 

-M 
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Whon tho novoaant ooaponsation «as tostod with a moving toat 
objoot and rooking oanora, it was found somewhat diffioult to obtain 
perfoot iaoobility of tho imago In the oanora sight.      This  is 
probably due to unsatisfactory aoouraoy of tho oanw     No reduction 
of resolution was notload duo to this oauso for slow tost objoot 
•OTOBBnts oorronpondlng to flying at high altitudes.      For tho 
angular velocity of teat object movement of 0.035 rad./soo. 
corresponding to 9000'  altitude and 225 »wp.h.  ground »pood, slight 
deterioration of resolution oould be noticed.      Ifhen doubling the 
speed of teat objoot movement a roduotlon in resolution of 10 - 15Jf 
was observed. 

It was oonsldered that thesa results justified an air teat 
of the suspension. 
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EFFECT  OF MOVEMENT ON RESOLUTION 
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FIGS. 2 & 3. 

EFFECT OF MOVEMENT ON RESOLUTION.-TEST OBJECT 
Oil DENSITY DIFFERENCE, MOVEMENT AT RIGHT 

ANGLES TO TEST LINES. 

I RELAX MOVEMENT 

EFFECT OF MOVEMENT ON RESOLUTION. AVERAGE 
RESULTS FOR TEST  LINES   AT 90T 60°, 30° A O'TO 
MOVEMENT FOR CIRCULAR IMAGE  AREA COVERING 

9' FIELD. 
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MOVEMENT» 0 8 >»L 

crrccr or MOVEMENT  OM RESOLUTION 

MOVE.MCNT    DÜRIN3    EXPOSURE   O 6 OF   THE   DCTA'L  SHE   RESOLVED 
B>  THC   5TA.TIONA.RY   LCNS (LIMITING   ALLOWED   AMOUNT  or MOVCMENT} 
CfTECT   ON   RESOLUTION   JUST   MOTieCAftUC 
(ALTITUDE   6SOO'   tOO MTH GROUND SPtCD   ''AOO SEC EXPOSURE ""iit,2k" 
tO'AVIAR.   ^/S«: MINUS   »LUC   HLTCR   ENLARGED  S DIAM) «"*  a *48 



FIG. 5. 

MOvtMCMT   OUR'NG   EXPOSURE    MtX DETAIL   SIZE   RESOLVED   BY 
THC    STATIONARY    LEW»     SWNinCANT  REDUCTION   IN RESOLUTION 
.ALTIT iZbO'- 200 MPH SRDUMD S^CCC* .l*005EC EXPOSURE 
20* AVAR  ^'5©'MINUS BLUE HLTER: ENLARGED   S DIAM) 

c""» 67557 
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FIG. 8. 
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A       STANDARD  PANCHROMATIC   HLM   f78'J*00 SEC-   MINUS   &LUC   TlLTCR- 
STANDARD   F5ZCAMCRA  STANDARD T\TE B6 MOUNTING 

EXPERIMENTAL  FINE  ©RAIN   FILM   f/\l    ''70 SEC   MINUS BLUE   FILTER 
MOVING   FILM   MROAZINE    OVMSRU7 MOUNTiNS 

2C   «M   -ENS     10000'AI.TiTuOC   2-*ONFHw-*CVNC> S^CP 
M* UNIFICATION   »OX-    A»'AU   (MAffC 
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FIG 14 

A  MfJMM LCNS:f/li: MINUS »^/^«^OO SCC-STANOMID PS9L.CAMCRA 

B     8" PCNTAC   -f/6-MINUS  BCUC   n.TCK   0 09SCC WHO STABIUSCD FZ4.CAMCAA, 
^MOVCMCNT   COMPENSATION: MASNiriCATlON ZO\ 

IMPHOVEO   RESOLUTIOM   IM   STABIUSCD   CAMCRA, 
J-S' 

IOOOO ALTITUDE.    210 MPH  GROUNO SfCCO <--.-67S6i 
-        *6   I *6 
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FIG. I7A. 

ANGOLA» SEPARATION 
FROM AXIS 

$ SXX   FILM   STANDARD CAMERA 
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FIG.I7B. 

ANGULAR   SEPARATION 
FROM  A/IS 

RESULTS   OF AIR TEST 
RESOLUTION - IMAGE  ANGLE 
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